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Abstract 
Blast furnace operation with coal injection at rates greater than 200 kg coal/tonne of 
hot metal, a rate less than the theoretical limit, has been often found problematic. 
The present study aims to gain a better understanding of the fate of injectant coal in 
the blast furnace by means of characterizing samples extracted from working BFs 
and pilot-scale rigs. The NMP (1-methyl-2-pyrrolidinone) solvent has been used to 
extract carbons relevant to BF operation, and comparison of the Size Exclusion 
Chromatographic patterns of the extracts has indicated that injectant coal is not able 
to completely combust or even completely pyrolyze during its journey from the 
tuyere nose through to and out of the “raceway”, and that the secondary reactions e.g. 
dehydrogenation and repolymerization, of coal tars are closely associated with the 
formation of the “soot-like” material. This has been confirmed by combined results 
from analyses using Ultraviolet-fluorescence, FT-IR spectroscopy and Transmission 
Electron Microscope. In addition, an attempt has been made to use FT-Raman 
spectroscopy as a relatively rapid technique to characterize various NMP-extracted 
carbon samples, with the aim to differentiate between carbons from different regions 
of the blast furnace. Two Raman spectral ratios, i.e. ( intensity ratio of D to G 
band) and  (intensity ratio of the valley between D and G band to G band), 
have been found to be suitable parameters to indicate the size of the graphitic 
crystallites and the overall homogeneity of the carbon structures, respectively. 
Raman spectroscopy has been found to be able to closely estimate the composition 
of synthetic carbon mixtures, to indicate the different time-temperature histories that 
carbons had experienced at tuyere level. Finally, the vs.  mapping has 
demonstrated its great potential as a reliable method based on Raman spectroscopy 
to differentiate between various types of carbons. 
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Chapter 1.   Introduction 
1.1 Background 
The main route for production of iron for steel-making is via the blast furnace (BF), 
accounting for about 60% of current world steel production. Conventional blast 
furnace practice relies upon metallurgical coke as the sole carbon source to provide 
heat generation and the chemical reduction of iron oxides, as well as to provide a 
porous burden support. Increasing steel demand and growing competition from 
scrap-based mini-mills is forcing blast-furnace-based plants to improve their 
performance in order to reduce operating costs and, at the same time, increase 
productivity. Partial substitution of coke by hydrocarbons injected into the base of 
the blast furnace is now economically attractive and able to mitigate the overall 
environmental impact of the blast furnace practice. Coal is the most important and 
widely-used injectant in modern practice.  Injection rates of up to 180-200 kg of coal 
per tonne of hot metal (kg/htm) have been regularly achieved. However, this level of 
coke substitution is still some way short of the ultimate limit dictated by burden 
support criteria, so further increases may be possible.  
However, mal-operation problems1, such as decrease in permeability of the coke bed, 
poor drainage of molten slag and iron in the bosh zone, increasing dust emission 
from the furnace top, occur at high coal injection rates (i.e. > c.a. 200~225 kg 
coal/tonne hot metal). These problems are related to the extent of coal conversion 
achieved in the blast furnace, particularly in the combustion zone, termed “raceway”. 
A significant amount of unburnt char is found to accumulate in the blast furnace 
burden at high injection rates. Thus for stable operation at high injection rates, there 
is a need to attain as high a level as practicable of char burnout in the “raceway”. 
Therefore, a better understanding of behaviour and eventual fate of injected coal in 
the furnace is necessary for achieving higher coal injection rates as well as 
improving operation efficiency. 
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The behavior of coal particles injected into the blast furnace “raceway” has been 
studied in an electrically-heated wire mesh reactor in previous studies2,3 at Imperial 
College London. Investigations on pyrolysis, combustion, and CO2 gasification of 
coal particles have been carried out under conditions similar to those encountered by 
coal particles in their journey from the outlet of the injection lance, through the 
tuyere and to the “raceway”. The main conclusion from these studies is that the 
extent of combustion of the injectant coal is rather low during its journey, due to 
rapid depletion of oxygen and very short residence time in the “raceway”. Some 
unburnt char is, therefore, expected to be carried out of the “raceway” by gases into 
lower temperature regions of the furnace, where CO2 gasification is the main 
reaction for consuming the char. However, the gasification rate of char strongly 
depends on the temperature. Since the temperature decreases rapidly as char 
particles move upward in the furnace, complete consumption of the char by 
gasification becomes more difficult. 
 
It should be pointed out that the previous studies were carried out on a coal-only 
basis, i.e. the effect on coal conversion of coke and molten iron not being taken into 
account. Therefore, in order to obtain a full account of the fate of injectant coal in 
the BF, it is necessary to characterize samples directly extracted from working blast 
furnaces, which would provide valuable insights of coal behavior in the furnace and 
its effect on furnace performance. Furthermore, a rapid and reliable technique to 
monitor the performance of blast furnaces with coal injection is very desirable for 
the BF community. If operational difficulties arise at high injection rates, a 
significant amount of unburnt char and degraded coke fines from the “raceway” 
would be carried upward by gases out of the top of the furnace. Thus monitoring of 
BF performance can be realized by tracing the amount of the “raceway” carbons in 
the emitted top gas dusts. Presently, top gas dust is only sampled irregularly, and the 
actual analysis is done by laborious manual counting of dust samples mounted under 
an optical microscope. The ability to regularly collect and analyse dust off-line, say, 
on a daily basis, will greatly improve the current situation. 
 
The present study, funded by the European Commission through the Research Fund 
for Coal and Steel (Contract No. RFS-CT-2004–00004: “Minimising Environmental 
Emissions by Optimised Reductant Utilisation”), has been carried out for the above 
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two purposes. Size Exclusion Chromatography (SEC) has been intensively used to 
characterize samples taken from working blast furnaces and pilot-scale rigs, as well 
as relevant lab-prepared samples. Collation of the chromatographic results provided 
clues about the fate of injectant coal in the blast furnace. The viability of FT-Raman 
spectroscopy for differentiation between various types of carbon present in the top 
gas dusts has also been tested. In this study, the potential of FT-Raman spectroscopy 
for monitoring BF operation with high coal injection rates has also been 
demonstrated. 
 
1.2  Objectives 
The overall objectives, as mentioned above, of this study are to obtain a better 
understanding of the fate of injectant coal in the blast furnace with the aid of SEC, 
and to investigate the viability of FT-Raman spectroscopy as a potential rapid 
technique for monitoring blast furnace operation. To achieve these objectives, 
specific aims are laid out as follows. 
 
1) Correlate SEC analysis results from extracts of various samples taken from 
actually working blast furnaces, pilot-scale rigs, and relevant lab-made samples to 
corresponding coal injection conditions in blast furnaces. 
 
2) Study the changes in the molecular structure of injectant coal tars which is 
associated with changes in the apparent molecular mass distribution of the tars as 
reflected by the SEC results. 
 
3) Investigate the change in the carbon structure of chars and cokes with 
temperatures varying over the range associated with blast furnace operation with 
coal injection. This will establish the fundamental relationship between the Raman 
spectra of chars/cokes and their carbon structures for the conditions associated with 
blast furnace operation, because temperature is the most dominant factor affecting 
the carbon structure. Effects on the carbon structures of chars and cokes of heating 
rate, pressure, residence time and gasification will also be considered. 
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4) Test the viability of Raman spectroscopy to estimate the compositions of 
synthetic carbon mixtures against their known components ratios. 
 
5)  Characterize the tuyere-level carbons extracted from a working blast furnace and 
a “single” tuyere rig operated by Corus UK Ltd. in terms of the evolution of their 
carbon structures with varied conditions at tuyere level in the furnace and rig. 
 
6)  Attempt to develop an universal approach to differentiate between different types 
of carbons from various sources. 
 
1.3 Outline of the thesis 
This thesis covers two major topics: the fate of the injectant coal inside blast 
furnaces, and the potential means of monitoring the performance of blast furnaces 
operating with coal injection.  
 
In Chapter 2, the background of the iron-making process in the blast furnace, coal 
injection technology, and the associated issues at high injection rates are described. 
A brief review of various analytical techniques used in this study is given in Chapter 
3. Since analytical constrains often occur for the types of coal-derived samples 
studied here, relevant previous studies reported in literature are introduced. Chapter 
4 gives the technical details of the analytical instruments used in the present study, 
as well as brief introduction of reactors for producing lab-prepared samples. 
 
The first topic, the fate of the injectant coal in the blast furnace, is discussed in 
Chapter 5 and 6. Size Exclusion Chromatography has been intensively used to 
characterize extracts from several sets of samples, including lab-prepared samples 
and samples extracted from working blast furnaces and the “single tuyere” rig. UV-
fluorescence spectroscopy and FT-Infrared spectroscopy have been used to study the 
changes in the molecular structures of relevant samples. Results from analyses of 
these samples have been used to imply the likely fate of coal particles injected into 
the blast furnace. The second topic, the development of a rapid and reliable 
technique for monitoring the performance of blast furnaces using Raman 
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spectroscopy, is summarized in Chapter 7. Finally, conclusions and 
recommendations for future work are given in Chapter 8. 
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Chapter 2. Formation Mechanism of the 
Soot-like Materials 
2.1. Outline of the iron-making process in the blast 
furnace 
Iron-making, a process to convert iron ores into metallic iron, represents the first 
step in steel-making, which is also the most capital- and energy- intensive process in 
steel production. Iron-making processes and the associated chemical reactions have 
been widely reviewed.4,5,6 The blast furnace-basic oxygen steel-making (BF-BOS) 
route currently accounts for about 60% of steel production worldwide.1 This is not 
only because of the very large throughput, e.g.12,000 tonne of hot metal per day4 for 
modern high capacity BFs, but also because of the high degree, 85~90%, of heat 
utilization5 achieved as a result of countercurrent flow configuration of the BF. 
 
The blast furnace (see Figure 2-1 and 2-2) is basically a countercurrent moving bed 
reactor with the solids, i.e. iron ore, coke, and flux, and later molten liquids, 
traveling down the shaft. The gases, which are formed by the various reactions 
taking place between the hot air and furnace burden, flow up the shaft, reducing the 
iron ore as it descends. 
 
Figure 2-1 The schematic diagram of a typical blast furnace system7 
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Figure 2-2  The cross section schematic diagram of a typical blast furnace4 
 
The iron ore (lump, pellets, or sinter), metallurgical coke and flux (limestone or lime) 
are continuously or alternatively charged into the top of the furnace through a 
double bell system to maintain the internal pressure. These solids are dried and 
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preheated by the gases leaving the shaft. As the charge travels down the furnace, it is 
heated and, at a temperature around 500oC, indirect reduction of the ore by the 
carbon monoxide (CO) and hydrogen (H2) in the ascending gases commences. The 
transformation of higher oxides of iron to wustite (FeO) starts in this zone. As the 
charge descends further and is heated to around 900-950 oC, reduction of the iron 
oxide by solid coke occurs. Actually, the iron ore is reduced by CO and H2, and the 
CO2 formed is immediately reduced by the coke back to CO. The net effect is 
therefore the reduction of ore by the coke. The reactivity of the coke to CO2 is an 
important parameter since this determines the temperature range where the transition 
from indirect to direct reduction takes place. 
 
Lower down the furnace, in a region termed the cohesive zone (see Figure 2-2), 
liquid slag starts to form at around 1100 oC. Initially it is relatively viscous, and 
surrounds the iron oxide particles, preventing further reduction. As its temperature 
increases, it melts so reduction continues. This region is critical in terms of burden 
permeability. 
 
In the next zone, termed the fluid or active coke zone, the coke temperature 
increases rapidly to about 1500 oC, melting the iron ore and slag. Considerable 
movement of the stack occurs in this region, and the metallurgical coke feeds into 
the “raceway” (see Figure 5-2 for the schematic diagram of the cross-section of 
furnace at tuyere level). The “raceway” is the hottest part of the furnace, where 
temperatures can reach 2200 oC.  The “raceway” is created by combustion and 
gasification of coke with hot air introduced through water-cooled tuyeres. A large 
furnace, i.e. with a hearth of 14 m in diameter, may have as many as 50 tuyeres, 
each with its associated “raceway”, around its periphery. The reaction of coke with 
air generates both the reducing gases (CO and H2) and the heat needed to melt the 
iron ore/slag and to drive the endothermic reactions. Depending upon the kinetic 
energy of the hot blast, the depth of the “raceway” is about 1~2 m.  Unburnt residue, 
such as coke fines and ashes, exit the raceway and pass into the “deadman”, a 
stagnant region in the middle of the furnace. The molten metal and slag pass through 
this stagnant “deadman” to the base of the furnace where they are removed in 
separate tapholes. It can take 6-8 hours for most of the raw materials to descend to 
the bottom of the furnace, although coke can remain for days, or even weeks, within 
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the “deadman”. The liquid metal, termed hot metal, is transported to a basic oxygen 
furnace for refining or to other steel-making facilities. The hot gases leaving the top 
of the furnace (top gas) is cooled, cleaned, and used to fire the stoves that heat the 
air blast, with the excess used to generate steam and power for other purposes. 
 
The chemistry occurring in the BF is complex. Only major reactions are discussed 
here. The principal reaction is the reduction of iron ore into iron. Iron exists in the 
ore mainly as either hematite (Fe2O3) or magnetite (Fe3O4), and sometimes in small 
proportions of hydroxides and carbonates. In regions where temperatures are below 
900oC, CO and H2 are the main reductants to reduce iron oxides. CO is produced by 
the combustion/gasification of coke; H2 can be produced by the reaction of water 
vapor with coke.8 The reduction reactions by CO and H2 are as follows. 
24332 23 COOFeCOOFe +→+  
OHOFeHOFe 243232 23 +→+  
243 3 COFeOCOOFe +→+  
OHFeOHOFe 2243 3 +→+  
2COFeCOFeO +→+  
OHFeHFeO 22 +→+  
These reactions are called indirect or gaseous reduction and are exothermic, so the 
iron oxides start to soften and melt as they go though these reactions. In lower 
regions near the fluid zone where temperatures are higher than 1000°C, the direct 
reduction of wustite (FeO) by coke takes place, which is highly endothermic: 
COFeCFeO +→+  
This direct reduction can be considered as the combination of the reduction of FeO 
by CO with the endothermic Boudouard or solution loss reaction: 
COCCO 22 →+  
In addition, water vapor can also contribute to generation of CO (endothermic 
reaction): 
22 HCOCOH +→+  
H2 is a more effective reductant than carbon. The hydrogen generation reaction 
 is less endothermic and proceeds faster than the solution loss 22 HCOCOH +→+
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reaction COCCO 22 →+ .9 Coal injection, detailed in next section, greatly increases 
the hydrogen concentration in the furnace, lowering the heat requirement for the BF 
process. This is part of the reason why high coal injection rates are desirable. 
 
The limestone flux goes through the following reaction to produce CaO, which starts 
at about 870oC. CaO helps remove sulphur from the coke and acidic impurities from 
the ore to form the liquid slag. 
2COCaO +→3CaCO  
2.2. Introduction to coal injection technology and 
associated issues 
2.2.1 Coal injection technology 
Blast furnace operation with low coke rates, high levels of auxiliary hydrocarbon 
input as fuel and the use of nut-coke (ca 10-28 mm in nominal diameter) have 
become attractive for steel-makers. This is due to increasing environmental concerns 
about coke oven operations, frequent shortages in the supply of metallurgical coke, 
world-wide shortage of low sulphur high quality coking coals, and the increase in 
operational costs associated with coke-making. For these reasons, injection of 
hydrocarbon fuels such as coal, oil and natural gas to partially substitute coke began 
to be introduced in the iron-making industry during the 1960’s and 1970’s. 
Following the oil price shocks after the 1973 and 1979 oil crisis, coal has become 
the main injectant in the blast furance, and coal injection technology has become 
more widespread across the globe. Although the capital cost associated with natural 
gas injection is lower than that for the coal injection, the latter provides the 
possibility of ultimately replacing higher amounts of expensive metallurgical coke in 
the blast furnace with far cheaper coal.10 Higher coal injection rates are possible 
because it does not reduce the flame temperature in the furnace as much as natural 
gas and oil. Initially coal injection rates were low, typically from 40 to 90 kg coal 
per tonne of hot metal (kg/thm). Increased understanding of coal injection 
technology has led to higher coke substitution rates, with some BFs operating with 
over 200 kg/thm injection rates reported today. This represents about 40% of the 
total fuel rate used in common BF operations. 
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Figure 2-3 The schematic diagram of blast furnace coal injection system11 
 
A typical coal injection system in the blast furnace is shown in Figure 2-3. The form 
of injectant coal can be either pulverized or granular. Coal particles are injected into 
the blow pipe through an injection lance in a location close to the tuyere. Coal 
particles mix in the blow pipe with the hot blast that has a velocity in excess of 200 
m/s at temperature around 1100oC. Coal particles are, therefore, heated up rapidly 
and pyrolysis occur once the particle temperature exceeds 500oC. Released volatiles 
combust with oxygen preferentially and immediately. The combustion of the residue 
char, however, is thought to take place at the end of the tuyere or in front of the 
“raceway”. Since the oxygen is depleted quickly in the raceway, the main reaction 
of char at the end of “raceway” and furnace shaft is the gasification by CO2, as 
discussed in Section 2.1. The physical distance between the exit of the injection 
lance and the rear wall of the “raceway” is typically between 1.5 and 2.5 m, 
depending on the operating conditions. The combination of this short distance with 
the very high blast velocity results in the extremely short residence time, of the order 
of a few tens of milliseconds, of coal particles in the high temperature region 
between the tuyere and the “raceway”. 
 
2.2.2 Issues of blast furnace operation with coal injection at high rates 
Operation with low coal injection rate has been reported to give a positive effect on 
overall blast furnace efficiency.12 The consensus among BF operators seems to be 
that at injection rates up to 150 kg/thm, there is no need for significant alteration of 
blast furnace operating procedures. However, coal injection at high rates, i.e. > 200 
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kg/thm, has been found to cause a number of detrimental changes in BF behaviour, 
and thus operating difficulties. These include: 
1) changes in the size and shape of the “raceway”, as a result of increase in the 
blast momentum and the amount of coal entering the “raceway”; 
2) lower flame temperatures and changes in the temperature distribution in the 
“raceway”. The decrease in the flame temperature lowers the melting rate of the 
iron ore in the cohesive zone, leading to unstable BF operation; 
3) higher gas volumes in the tuyere and blowpipe resulting from coal pyrolysis and 
combustion, increasing the pressure drop in the lower part of the furnace; 
4) changes in the gas composition in the “raceway”, affecting the coke 
consumption in this region; 
5) reduced permeability of the furnace due to the accumulation of unburnt coal char 
in the stack and hearth region, e.g. char and coke fines can accumulate in the  
“bird’s nest” (see Figure 5-2 for the location of the “bird’s nest” in side BFs); 
6) higher heat loss from the furnace walls and the top part of the furnace as a result 
of slower movement of the stack; 
7) higher carbon contents in the emitted dust and offgas cleaning sludge. The dust 
and sludge rates also increase; 
8) more degradation of the coke between the stockline and the “deadman”, 
particularly in the lower part of the furnace. At higher coal injection rates, the 
ratio of metallurgical coke to iron ore decreases, resulting in thinner coke layers. 
Consequently, the coke is subjected to higher mechanical impact during loading, 
and longer residence time in the furnace. In addition, the coke encounters further 
degradation in the “raceway”. The generation of coke fines can lead to poor blast 
penetration, an impermeable “deadman”, possible peripheral gas flows, and a 
high pressure drop. 
 
Consequently, high coal injection rates can result in a production loss and shorter 
furnace life if no operational changes are implemented. Injected coal can only 
substitute for coke as a source of heat and reductant, but cannot provide a permeable 
bed through which molten iron can descend and the gases ascend. Maintaining 
permeability in the furnace is vital to stable furnace operation, and hence 
productivity. 
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2.2.3 Previous studies of coal injection technology 
Coal injection is not a new technology, since it was patented in the nineteenth 
century. However, it was not until the 1960’s that it became an industrial reality. 
Although the past several decades have seen rapid development of this technique, 
the behavior of the injectant coal in the furnace is still not thoroughly understood. 
Previous studies of the various aspects of coal injection technology are briefly 
summarized as follows. 
 
? Coal rank and volatile matter content 
A considerably wider range of coals can be used for injection than for coking since 
the caking characteristics required for good coking coals are not required for 
injection. Consequently, less expensive coals can be used. Coals ranging in rank 
from sub-bituminous through bituminous to anthracite have been successfully 
injected. Very recently, even lignite has been tested.13 Whilst the coal type seems to 
have little significant impact on BF operation at low injection rates (i.e. <100 
kg/thm), coal properties become more important at higher injection rates. 
 
Volatile matter (VM) released during coal pyrolysis consists of tars plus 
combustible gases, such as H2 and CO, and incombustible gases, such as CO2 and 
steam. VM yield of coal generally increases with decreasing coal rank, and the 
proportion of incombustible gases increases as coal rank decreases. 14  The coal 
volatile content can affect char formation, blast momentum and generate coke fines 
in the “raceway”. This is due to coal devolatilisation in the hot blast and the action 
of the volatiles liberated in the tuyeres.15 The blast momentum directly influences 
the “raceway” depth and coke degradation within the “raceway”. 
 
High VM coals have traditionally been injected due to, generally, their superior 
combustion performance resulting from better char reactivity, and hence burnout, 
compared to low VM coals. Good combustibility is particularly desirable at high 
injection rates because of the short residence time available for combustion in the 
“raceway”. Coal injection rates of over 200 kg/thm have been achieved during trials 
at the Corus IJ-Muiden 6 BF using a 42% VM Indonesian sub-bituminous coal.16 
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High VM coals also contribute more hydrogen for reducing the iron ore. The higher 
gas volume, though, may lead to back pressure problems. 
 
Low VM coals are found to give higher coke replacement ratios17, and hence lower 
coke rates, coupled with less cooling effects in the “raceway”.14 They produce a 
lower volume of top gas with a lower calorific value, give a lower gas reduction of 
the iron ore, and have a higher “raceway” flame temperature, but lower combustion 
efficiency than high VM coals. Mathieson et al. 18  found in their stoichiometric 
combustion, under conditions simulating those inside the BF, that there is a 
significant decrease in combustion performance with decreasing coal VM. It has 
been deduced from mathematical modeling19 that injection of low VM coals caused 
delayed ignition and a lower overall burnout. Hoshino et al.20also found that coals 
with low VM content tended to give lower combustion efficiency, but no difference 
was observed in the ultimate combustion efficiency between coals with similar fixed 
carbon levels. 
 
In reality, injectant coals are commonly prepared by blending coals of different 
ranks in order to meet the required specifications. Blends can reduce raw material 
costs since cheaper coals can be incorporated, therefore, are perceived as the optimal 
solution to reducing cost of injectant coal. Various properties of coal blends, such as 
ash content, are important in determining the effect of blends on the BF productivity. 
A low coal ash content, typically less than 10% dry basis (db), is normally 
favored.21,22 A detailed summary of blending coal properties can be found in the 
report by Carpenter23. 
 
? Coal particle size 
Most injection systems use pulverized coal ground to approximately 70-80 wt% 
below 75 μm.24 For a granular coal injection system, coal is ground to maximal size 
of 2-3 mm, with a limit of about 2 wt% greater than 2mm and 20-30 wt% below 75 
μm.24 It was estimated that granular coal required 60% less energy to grind than 
pulverized coal, at the Burns Harbor works in the USA, where a high VM (37%) 
bituminous coal was used.25 The granular coal is also easier to handle, whereas the 
pulverized coal has a higher burnout in the “raceway”. Pulverized coal injection is 
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favored in Japan and Germany, and granular coal injection is preferred in British and 
some US steelworks.26 
 
Generally, with increase in coal particle size, the temperature gradient inside the 
coal particle increases and total surface area diminishes. Pipatmanomai3 pointed out 
that with increase of particle size, the heating rate toward the particle centre 
decreased. The reactivity of the resultant char appeared to decrease as well, leading 
to lower burnout. Also, larger particle sizes require longer time for burnout. 
Essenhigh27 summarized the relationship between the burnout time and the coal 
particle size: the burnout time was proportional to the square of the particle diameter. 
Naruse and coworkers 28  observed that heterogeneous ignition might selectively 
occur across large particles (greater than 1 mm). The modeling work of Takeda19 
also showed that large particle sizes resulted less burnout of coal inside the 
“raceway”. However, Despina et al. 29  reported a substantial improvement in 
combustion for larger coal particles in their study of the combustion behavior of 
pulverized coal under conditions simulating those inside the BF (heating rate 105 K/s, 
residence time < 20 ms, peak temperature 1500oC) in an induction furnace. They 
attributed this to the fragmentation of large particles into smaller pieces, caused by 
the thermal stress induced by increasing temperature gradient. 
 
? Coal combustion 
Coal combustion is the most important factor affecting the maximal amount of coal 
that can be injected. It produces, alongside coke combustion, both heat and reducing 
gases for the reduction of iron ore. Poor coal combustion can result in operational 
problems, such as reduced permeability as a result of accumulation of unburnt char 
from the injectant coal, and undesirable gas and temperature distributions. In general, 
combustion of coal between the exit of the injection lance and the rear wall of the 
“raceway” (a physical distance of around 0.7 to 2 m) occurs at high temperatures 
(1400-2200oC), elevated pressures ( up to 5 bara) and very short residence times 
(less than 25 ms).24 The combustion process and associated issues are briefly 
discussed below: 
1) Heating-up of coal particles. Injectant coal particles are rapidly heated up as 
they enter the oxygen-enriched hot air blast, typical temperature 1000-1200oC and 
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velocity over 100-200 m/s. Their heating rate is around 105 K/s, depending on the 
particle size. Coal injection can decrease the flame temperature significantly, which, 
in turn, affects the slag and metal chemistry, evaporation and recirculation of alkali 
elements present, and the flow of metal in the hearth. Mathematical equations for 
calculating flame temperatures in the case of coal injection at high rates have been 
discussed by Zhang et al.30 
 
2) Pyrolysis of coal particles/combustion of volatiles. Coal devolatilisation begins 
within the tuyere and takes place in roughly two stages. The initial stage is a rapid 
release of about 80% of the total volatiles that primarily comprises condensable tar, 
aliphatics, CO2 and H2O. The second stage is a slower release of gases, 
predominantly CO and H2. Methane was reported to be one of the intermediate 
released species between these two stages.31 Ariyama32 found in an experiment in a 
plasma arc heater that the pyrolysis gases mainly consisted of CH4, CO and H2 in the 
lower temperature zone, whilst the emission of H2 increased in the higher 
temperature zone. Tests under N2 in a wire mesh reactor showed that at a heating 
rate of 1000 K/s, volatile release was virtually complete by the time the temperature 
reached 1500oC (about 300 ms).35 The same study also found that the total volatile 
matter yield only slightly increased when the heating rate increased to 5000 K/s. 
This suggested that under the “raceway” condition, devolatilisation would be 
complete, provided that the minimal residence time can be guaranteed. However, 
Bachhofen et al.33 measurements at the Schwelgern 1 BF, Germany, indicated that 
devolatilisation was still occurring in the shaft region. This observation suggests that 
coal particles within the plume of evolving volatiles may be heated up less rapidly 
than those in direct contact with the hot blast, and that the short time for coal 
traveling from the tuyere nose to the “raceway” is not long enough to allow 
complete coal pyrolysis. 
 
The released volatiles rapidly burn with oxygen in the hot blast, raising the 
temperature of the gas and particles. It is interesting to know the effect on gas 
composition of the volatile combustion. Physical gas sampling, carried out by 
Hoshino et al.20 at the Kakogawa 1 BF, Japan, showed that most of the oxygen was 
consumed near the tuyere nose inside the BF, whilst CO2 was at high concentration 
in the middle region (i.e. from the vicinity of the tuyere to the “raceway” centre), 
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and a CO predominant atmosphere existed in the region close to the rear of the 
“raceway”. In other words, oxygen depleted rapidly, to a virtually zero O2 
concentration in the central “raceway” region, as coal particles flew into the 
“raceway”. In addition, since coal is preferentially combusted, it is the coal 
combustion rather than coke combustion that primarily determine the gas 
composition and temperature distribution in the region from the tuyere to the 
“raceway”.  
 
3) Partial combustion of the residual char with oxygen. Coal char combustion 
contributes to the majority of the heat released during combustion. However, this is 
a much slower process than volatile combustion, in which the volatiles diffuse 
towards the oxygen-rich atmosphere, because the oxygen for char combustion has to 
diffuse through the volatile/combusted gas products plume to reach the small char 
particle surface. As long as volatiles are evolving, it is difficult for oxygen to contact 
the char surface due to the high stoichiometric requirements of the volatiles. 
According to the pulverized coal combustion results from power plant operations, 
char burnout times are of the magnitude of a few seconds at around 1500oC.31  
 
An investigation in a wire mesh reactor (WMR)2 under simulated “raceway” 
conditions showed that the extent of char combustion was limited to less than 5 wt% 
of dry ash free basis (daf) under reduced concentrations of oxygen and short 
residence time of coal particles in the “raceway” region. In this study, although the 
exposure time of chars to the O2 was 105 ms, much longer than the typical timescale 
(20-30 ms) that coal particles endure in the “raceway” region, the extent of char 
combustion at 1600oC and 0.3 MPa with 3% O2 was less than 4 wt% (daf). In 
addition, under conditions simulating those close to the tuyere nose, 1300oC, 0.3 
MPa with 20% O2, the extent of char combustion was still less thant 5 wt% (daf). 
Wu2 has also concluded that above 1300 oC, char combustion is predominantly 
controlled by external diffusion of oxygen. Therefore, further increasing the 
temperature would not increase the combustion extent of chars significantly. This 
inferred that some coal char particles may survive during their journey from the exit 
of the injection lance to the “raceway”, and be carried out of the “raceway” by gases 
into the coke bed. Temperatures in the coke bed are much lower than those at the 
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tuyere level, so reactions of survived char particles with CO2 would be more 
chemically controlled. 
 
Since the extent of char combustion is mainly determined by the diffusivity of 
oxygen to the surfaces of char particles, rather than chemical reaction rates, 
enhancement of this oxygen diffusivity is the most effective means to improve char 
combustion efficiency in the “raceway” region. In contrast, the chemical reactivity 
of the residual unburnt char with CO2 plays a very important role in achieving a high 
gasification yield. 
 
? Consumption of unburnt coal char 
The consumption of unburnt coal char within the blast furnace is a key issue that 
influences the maximum coal injection rates achievable. Generally, as the injection 
rate increases, coal combustibility tends to decrease, resulting in unburnt coal fines, 
char and ash exiting the “raceway”. The fine particles are blown horizontally away 
into the adjacent relatively compact zone, termed the “bird’s nest” (see Figure 5-2 
for the locations), and then into the central “deadman”, or upwards to accumulate in 
the cohesive zone. Unburnt chars are more likely to accumulate in locations where 
large changes in gas flow occur.1 Unburnt chars may eventually be entrained by the 
gas flow and carried up the stack, where they can affect burden permeability, and 
finally be carried out with the top gas. Measurement along the furnace radius above 
the stockline (i.e. carryover dusts) at the Schwelgern 1 BF (pulverized coal injection 
rates up to 190 kg/thm) showed that the amount of unburnt coal char in the sampled 
dusts was highest in the furnace centre.33 Furthermore, unburnt char has been found 
to be associated with the generation of other fine materials including coke fines, slag 
and metal droplets. Akiyama and Kajiwara34 have found that the amount of smaller 
sized coke fines in the “deadman” increased with increasing coal injection rates, 
presumably due to the increased momentum of the blast caused by rapid volatile 
evolution. 
 
The reaction of chars with CO2 and water vapor begins in the “raceway”, but since 
the residence time is too short for appreciable reaction of residual char2, gasification 
is considered to occur mainly in the furnace shaft. The gasification of char with CO2 
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is a slower process than char combustion, and largely depends on the temperature. 
Pipatmanomai et al.35 investigated the extent of char gasification in a WMR using 
an 18% CO2/N2 mixture that simulated the gaseous atmosphere in the lower part of 
the furnace shaft and the post-combustion region of the “raceway”. They found that 
the 10 s extent of gasification (weight loss due to CO2 gasification) decreased 
dramatically from about 50 wt% (daf) at 1500oC to 10 wt% (daf) at 800oC. These 
data suggest that the complete consumption of unburnt char is unlikely to occur 
when the gas carries the char very quickly up the shaft. Survival of char would lead 
to high carbon level in the dust emitted from the top of the furnace.33,36 
 
In the lower part of the furnace where the temperatures are high, char gasification is 
partly diffusion controlled, whilst in the upper cooler part, it is likely to be 
chemically controlled. Therefore the overall reaction rate of the char gasification is 
strongly influenced by the chemical reactivity of the char. Generally, the reactivity 
of char is primarily determined by factors including particle surface area and 
porosity, the degree of the ordering of its carbon structure, parent coal properties 
(e.g. mineral matter), and operating conditions such as temperature, pressure, 
heating rate etc. Effects on the char reactivity of these inter-linked factors are briefly 
discussed as follows. 
 
1) Operating conditions.  
Since the reactions of coal gasification are endothermic (see Section 2.1), higher 
temperature favors coal gasification. However, Turner and Thomas8 found that the 
char resulting from higher temperature tests showed lower combustion reactivity. 
This could be explained by the drop in hydrogen content, progressive annealing and 
the deposition of secondary tars on the chars. Wu2 also studied the combustion 
reactivities of chars from a low VM (21.6%, db) coal and a high VM (36.6%, db) 
coal. The pyrolyses of these coals were carried out in a wire mesh reactor at 1000oC, 
1500oC, and 1700oC, respectively. The reactivity of these chars， in terms of 
burnout half life in a thermogravimetric analyzer (TGA), was found to decrease with 
pyrolysis temperature. There was also evidence from Solid state 13C and 1H nuclear 
magnetic resonance (NMR) investigations37  that significant amounts of aliphatic 
materials were released from coal during pyrolysis, with little change in the aromatic 
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cluster size. Chars prepared at higher temperature showed greater aromaticity, 
leading to lower reactivity. Using an oxygen chemisorption technique in a TGA, 
Cai 38  observed a significant reduction of the active surface area of chars with 
increasing pyrolysis temperature in the range from 300 to 900oC. Lu et al.49 also 
found that the char structure became more ordered with increasing temperature, as 
indicated by both quantitative X-ray diffraction analysis and high-resolution 
transmission electron microscope (TEM) analysis. 
 
Pipatmanomai3 studied the effect of heating rate on char reactivity at 1000oC, with 0 
s hold time. Some differences in char reactivity were found between 1000 and 5000 
K/s heating rates, and the effect of heating rate was dependant on the coal type. In a 
later study by Wu2, using the same coal, the pyrolysis temperature was increased to 
1500oC, close to the temperature in the post-combustion regions of the BF, and the 
hold time was extended to one second. The difference in reactivity between chars 
prepared at 1000 and 5000 K/s was negligible. This was probably due to the rapid 
annealing occurring at this high temperature. 
 
Wu2 also found that the char prepared in a wire-mesh reactor from a high VM 
(36.6%, db) coal at 0.15 MPa was more reactive that the char prepared in the same 
reactor at 0.3 MPa from the same coal. Wall et al.39 concluded, in a review, that 
pressure influences volatile yields and coal swelling during devolatilisation, and 
hence the morphology of the resultant char. Messenbock and co-workers40 used a 
high pressure wire mesh reactor to study the effect of pressure on the pyrolysis and 
gasification behavior of a suite of coal samples expected to be used in an air-blown 
gasifier.  They found that the relative combustion reactivities of the all the pyrolysis 
chars (prepared at 1000oC for 10 s with a heating rate 1000 K/s) decreased with 
pressure in the range from 1 to 30 bar. For the chars gasified under the same 
conditions as above, the relative reactivities were found to decrease as the pressure 
was raised to 20 bar. All the chars, except for a high VM (45.5%, daf) coal char, 
exhibited increased reactivities as the pressure was further increased up to 30 bar. 
They interpreted these results in terms of the conflicting influences of deposition of 
secondary char and CO2 gasification of this less reactive char deposit (consequently 
exposing the base char). They also found that the reactivity is higher for coals with 
higher VM content over the pressure range, which was consistent with the findings 
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of other researchers30, 41 , 42 . Molina et al. 43  suggested that the gasification rate 
increased with total pressure, provided that the coal particle size was small enough; 
this effect was more significant at the low pressure end (i.e. 0.1-0.5 MPa). However, 
an exception was reported by Pipatmanomai et al.35 that the reactivity of a pyrolysis 
char from a lower VM (13.2% db) coal was greater than that from a higher VM 
(17.4%) coal. They suggested this may be due to the higher extent of porosity in the 
Lower VM coal, in conjunction with its different chemical composition. 
 
2) Parent coal properties 
As discussed above, char reactivity generally increases with coal volatile matter 
content.30,41, 42,43 In addition, changes in the maceral composition of the parent coal 
may also account for differences in the reactivity of resultant char. Carpenter23 
found that vitrinite, inertinite and even liptinite can be present in the unburnt char. 
Generally, the inertinite macerals are considered to be unreactive in combustion, 
whereas liptinite is the most reactive maceral.44 However, this is not always the case. 
Similarly, not all the vitrinite macerals are reactive. Kalkreuth et al.45 found that 
although the vitrinite-rich chars are intrinsically more reactive than the inertinite-
rich ones at 500oC, the difference tended to diminish significantly at higher 
temperatures (e.g. 1300oC). This was in accord with the observation of Stainlay46. 
Therefore, the effect of maceral composition on the reactivity of unburnt char in 
blast furnaces is unlikely to be significant, considering the high temperatures inside 
the furnace. 
 
Catalytic effects of coal minerals also influence the reactivity of char. Silica and 
alumina can slow down the reaction rate, whereas calcium, magnesium, iron and 
alkali species are able to enhance gasification reactions as a result of modification of 
coke texture formation. There catalytic effects become more pronounced for low 
rank coals.23 The favorable diffusion of reacting gases through the minerals and 
maceral-mineral interfaces may also account for improvement of char reactivity.47 
However, excessive mineral concentration would retard the reaction of coal chars. 
3) Porosity and surface area of unburnt coal chars 
The pore structure of coal chars strongly influences the diffusivity of reacting gases 
into the interior of the char particles. The porosity also determines the effective 
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internal surface area for reaction. Gale et al.48 classified the pore structure of coal 
chars, in terms of the pore diameter, into micro-, meso-, and macropores. The 
associated surface areas of mesopores and micropores (accessible to CO2) were 
found to increase with temperature up to 600-700oC, and then decline thereafter. 
This accorded well with findings by Wu31 and Lu49 who observed the initial increase 
in char surface area due to growth of pores, followed by the decrease as a result of 
coalescence of pores. The changes in pore structure and surface area are closely 
related to the reaction conditions. The surface area of the micropores of chars are 
heavily dependant on the pressure; the microporous surface area declined 
significantly with increase in pressure.50 Wu31 also found that high heating rates 
resulted in chars with thin-walled cavities and higher proportion of macropores. 
Chars with these types of pore structure tend to fragment more easily than those with 
thicker walls and lower porosity. Fragmentation, as a result, would increase the 
external surface area of chars, and hence the overall conversion of chars. 
4) Chemical structure of unburnt coal chars 
The chemical structure, i.e. atomic H/C ratio or aromaticity, plays an important role 
in determining the char reactivity. Hutney et al.9 report a linear relationship between 
char reactivity and the atomic H/C ratio of the parent coal for 12 bituminous and 
subbituminous coals. Lu et al.49, 51  related the reactivity of char to its chemical 
(carbon) structure. With the aid of a quantitative X-ray diffraction analysis technique, 
they found that the char structure became more ordered during pyrolysis and 
combustion, during which the amorphous and aliphatic carbons are preferentially 
consumed. In contrast, the average carbon crystallite size and aromaticity increased. 
This structural ordering of the resultant char appeared to be responsible for the loss 
of char intrinsic reactivity. 
 
? Coke properties 
As mentioned before, injectant coal can play both the chemical role, as a source of 
reductant, and the thermal role, as the heat source, but can not substitute for coke as 
the physical support of the iron burden. Coke thus has to guarantee permeability for 
the furnace gas in the region above the cohesive zone, within the cohesive zone, and 
for gas and molten iron/slag in the bosh and hearth regions. Coke plays a 
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particularly important role in the cohesive zone where the softening and melting iron 
ore may form impermeable layers. To maintain stable operation, a strong coke grid 
must form in this region to separate the melting iron ore. 
 
At higher coal injection rates, the proportion of coke to the iron ore decreases 
considerably, resulting in thinner coke layers. Hence the permeability of the burden 
to gas flow decreases and the coke is subjected to higher mechanical load. The lower 
coke to iron ore ratio also leads to a lower burden descent velocity for a given iron 
production rate. The residence time of the coke inside the furnace thereby increases 
(estimated to be 3 to 5 times longer than that at coke-only operation15). 
Consequently, coke suffers longer periods of mechanical, thermal and chemical 
stress, leading to increased degradation and hence more fines generation. The 
locations and causes of the fines generation have been discussed by Akiyama and 
Kajiwara34 in great detail and is summarized briefly as follows. 
(1) Coke degradation (in the “raceway”) 
The main degradation of coke occurs by chemical reactions, and the thermal 
stress causes relatively less fines generation. The chemical reactions consist 
of both the combustion reaction (C+O2) and the solution loss reaction 
(C+CO2). It was reported that at high coal injection rates the solution loss 
reaction mainly contributes to the coke degradation.52 Those reactions form 
porous fragile layers on the coke surface, which would be abraded and 
generates coke fines. While most of the remaining fragile layers successively 
combust and gasify in the “raceway”, without excessive degradation, some 
coke fines are blown upward to the upper regions of the blast furnace. 
(2) Coke degradation (from the stockline to the bosh region) 
In these regions, the fines generation mechanism is thought to be as follows. 
In the temperature range between 200°C to c.a. 1000°C, corresponding to the 
upper shaft to the middle shaft, neither the coke diameter nor its mechanical 
strength changes significantly, and the degradation of coke is slight. In the 
temperature range between c.a. 1000°C to c.a.1400°C, corresponding to the 
middle shaft to the top of the cohesive zone, the coke particle size does not 
change but the coke strength appears to decrease. The surface layer of coke 
starts being degraded by the solution loss reaction. However, the coke fine 
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generation does not occur down in this region. In the high temperature range 
between c.a.1400°C to c.a.1600°C, corresponding to the lower shaft to just 
above the tuyere level, the coke particle diameter decreases rapidly and 
intense coke degradation occurs, although the coke strength actually 
increases slightly. The observation may be explained as follows: the 
significant increase of abrasive and mechanical impact forces in this region 
causes the separation of the degraded portions away from the coke, but the 
remaining ‘fresh’ coke shows high strength as the lump size reduces. Coke 
degradation occurs in the form of volumetric breakage in the lower shaft, but 
in the form of surface abrasion at the tuyere-level, e.g. the “raceway”. 
 
Coke fines are consumed within the furnace by the same mechanism as for the 
unburnt coal char. However, coke is much less reactive than the coal char. A higher 
coke quality is therefore needed to reduce fines generation which may lead to poor 
permeability of coke bed, and hence unstable BF operation and reduced productivity. 
Unfortunately, the production of higher quality coke increases coking costs due to 
the use of more expensive higher quality coking coal and also longer coking time, 
leading to lower coke oven productivity. 
 
? Coal injection system 
The design and position of the injection lance affects the pattern of coal particle 
dispersion in the hot air blast, and hence the combustion efficiency of coal. 
Mathematical modeling showed that good-mixing of the coal with the blast is 
critical to achieve a high extent of coal burnout, e.g. an eccentric lance arrangement 
could enhance coal combustion efficiency by 15% compared to a single lance 
arrangement.34 Ariyama32 also pointed out that a more uniform distribution of 
pulverized coal particles across the blowpipe is achieved by eccentric arrangement 
of a two-lance injection system, due to the decreased collisions between the two coal 
streams, leading to enhanced combustion efficiency of coal and prolonged life of the 
lance tip. Sato et al.53 calculated the combustion efficiencies of various types of 
lances, and found that a nearly 5% increase in combustion efficiency was gained 
using a high turbulence lance, compared to a conventional lance. Another injection 
system termed oxy-coal lance, i.e. coal injected through the inner pipe and oxygen 
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through the surrounding annulus, has been developed to enhance coal combustion 
efficiency. This kind of system allows direct mixing of oxygen with coal particles, 
hence promoting the oxidation reaction. Oxy-coal lances have also been employed 
by Posco in Korea.54  
Lance and tuyere blockage, along with melting of the lance tip, is another critical 
issue associated with coal injection. The position of the injection lance influences 
the propensity of ash deposition in the blowpipe and the tuyere. Bennett41 found that 
ash impingement in the blow pipe could be reduced with lances positioned close to 
the tuyere. Furthermore, shortening the length of the lance that protrudes into the 
blowpipe also helped mitigate lance clogging. Use of air-cooled coaxial lances was 
also found to help prevent clogging and erosion.55 
 
? Oxygen level of the hot blast 
Oxygen is quickly consumed by the evolved volatiles from coal particles as well as 
the resultant coal char. Consequently, the oxygen concentration falls to near zero in 
the front of the “raceway”, close to the tuyere nose.1 Mathematical modeling of coal 
particle combustion showed that increasing the oxygen concentration of the hot blast 
would enhance the coal combustion efficiency.1,8,56 Pipatmanomai3 also observed a 
10% increase in the extent of combustion of coal chars with increased oxygen 
content in the helium carrier gas in a wire mesh reactor equipped with an air-pulse 
injection unit. 
 
Oxygen enrichment is inseparably linked with injection system development, and 
can be achieved through direct enrichment of the hot air blast, employment of the 
oxy-coal lances, or separate oxygen injection lances.25 Oxygen enrichment has been 
reported to reduce the gas flow rate and raise the flame temperature. A reduced gas 
velocity will shorten the depth of the “raceway”, probably causing operation 
difficulties. An increased flame temperature, in contrast, would help compensate for 
the cooling effect of the release of coal volatiles. The calorific value of the blast 
furnace top gas usually improved with oxygen enrichment because of reduced 
concentration of N2 and increased concentration of CO.48 
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However, the improvement in coal combustion efficiency by oxygen enrichment 
seems limited. Du et al.57 pointed out that due to the short particle residence time in 
the BF blowpipe-tuyere region, pyrolysis reaction dominates rather than combustion. 
As a result, oxygen enrichment showed little improvement of combustibility in this 
region. Ariyama32 also noted that oxygen enrichment promoted the combustion of 
coal volatiles and thereby the flame temperature, which, in return, promoted the 
pyrolysis of coal. The effect of increased oxygen concentration on the ultimate 
combustion efficiency, measured throughout the entire combustion process across 
the “raceway”, was not necessarily large. Zhang and Bi30 calculated that the 
combustion efficiency would increase by only 6.71% for a high VM coal and 3.31% 
for a low VM coal when the oxygen level of the hot blast was raised up to 6 vol%. 
Pandey and co-workers 58  found that with higher oxygen levels, combustion 
efficiency could actually decrease due to insufficient mixing of coal particles with 
the blast. Successful BF operation at coal injection rates over 200 kg/thm has been 
reported at Baosteel in China with an oxygen enrichment of only 1.5-2.5% 
compared to the more normal rates of over 3% in other countries.59 
 
? Interaction of unburnt char with molten iron 
 Unburnt char escaping the “raceway” can contact the dripping molten metal in the 
bosh and hearth zones. Carbon, alongside other elements e.g. Si and S, dissolve from 
the char into the liquid iron, influencing the composition and properties of the hot 
metal product. The dissolution of the carbon contributes to the carburization of 
liquid iron, and dictates the level of char consumption by the hot metal. This 
becomes critical when char consumption via gasification and combustion is low. 
Coal char dissolution may actually help reduce the consumption of metallurgical 
coke by hot metal carburization. However, the dissolution of carbon from char is a 
slower process than from metallurgical coke60,61, implying that metallurgical coke 
may be preferentially consumed. 
 
The mineral composition of char is the most important factor affecting carbon 
dissolution from coal char into hot metal, and the ash fusion temperature is one of 
the controlling mechanisms that limit carbon dissolution.60,61 The formation of an 
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ash layer on the carbon may reduce the surface available for dissolution, hence 
decrease reaction rates. 
 
The chemical (carbon) structure of coal char has also been reported to influence the 
dissolution of carbon from char into the hot metal. Generally, graphite has the fastest 
dissolution rate, whilst coal char has the lowest.61 In other words, the rate of 
dissolution improves as the carbon structure becomes more ordered. Results from 
the work of a group of Australian researchers6 ,1 62  showed that the dissolution 
behavior of chars did not depend significantly on their fixed carbon content, but on 
the crystallite size. They suggested that removal of small aromatic carbon structure 
units in coal char by hot metal is more difficult than the removal of large sheet-like 
graphite. This was probably because large sheet-like graphite has large effective area 
for carburization and higher concentration of dissociated carbon atoms, leading to 
higher diffusivity of carbon in molten iron. 
 
? Effects of coal injection on the blast furnace performance  
A number of studies have already been carried out to investigate the effect of coal 
injection on the blast furnace performance. Poultney and Bennington63 studied the 
effects of changes in charged materials on furnace operation and also changes in 
operating parameters on furnace structure. They examined core drilling and tuyere 
raked coke samples from working blast furnaces as well as samples taken from a 
liquid nitrogen quenched blast furnace. They found that improving feed coke size, 
stability and abrasion resistance could improve bosh coke properties and benefit 
furnace structure and permeability at tuyere level. The larger size coke charged, 
together with a lower tuyere velocity produced a short raceway and “bird’s nest”. 
Coke degradation was greatest in the paths of major gas flow through the furnace, 
particularly in the cohesive zone and raceway, due to thermo-chemical and thermo-
mechanical reactions.  
 
Hilding, et al.64 have tested a high CSR (coke strength after reaction) coke in an 
experimental blast furnace. The aim was to study the effect of alkalis, derived from 
coal mineral matter, on the modification of physico-chemical properties of coke 
during its descent in the furnace, as well as their association with coke strength and 
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abrasion. As the coke passed through the thermal reserve zone to the cohesive zone 
of the furnace, its carbon structure became more ordered and the alkali concentration 
increased. A linear correlation between the carbon crystallite size (Lc) and coke bed 
temperature was also observed. Coke in a high temperature zone has higher CO2 
reactivity because of the catalytic effect of the increased alkali concentration in the 
coke. Coke degradation, particularly coke strength and abrasion propensity, was 
related to the coke graphitisation, alkalization and reactivity: coke graphitization 
was shown to have a strong impact.  
 
Coke behaviour in the lower part of blast furnaces with high coal injection rates has 
been investigated by Gudenau et al. 65 . With the increase of injectant coal char 
concentration, coke strength became higher compared to results in the absence of the 
char. It was suggested this was because char has higher reactivity and is 
preferentially consumed by CO2. Thus, CO2 concentrations around coke particles 
would be expected to drop, so that CO2 attack on the surface of coke particles was 
reduced. Less intense lump coke fracturing was also found in zones with lowered 
CO2 concentrations, probably due to less intense reactions in specific zones which 
tend to weaken the coke.  
2.3. Discussion 
Coal injection is desirable for the BF community because of the consistent economic 
drive to reduce iron-making cost and the environmental drive to reduce pollutant 
emission from the coke-making process. Coal injection into blast furnaces is a 
sophisticated technology with a number of resultant effects on BF operations. Coal 
injection at high rates up to 200 kg/thm is being achieved regularly, however this 
injection rate is still short of the substitution limit dictated by coke burden support 
criteria alone. Attempts to operate at high injection rates have led to as-yet unsolved 
operational difficulties.  
 
Researchers have made enormous efforts to achieve better understanding and 
improve the technology, with the aim of increasing coal injection rates. Although a 
few studies have been carried out on working blast furnaces or pilot-scale rigs, most 
of the research work has been done on bench-scale reactors. Part of the reason is that 
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extracting samples from a working BF, and direct measurements in situ on these 
samples, is difficult due to the exceptional hostile operating conditions of the BF. 
Information gained from characterization of BF samples is very important to 
development of the understanding of coal behavior in the BF and its impact on BF 
operation. 
 
Sahajwalla and Gupta66 have pointed out that the pulverized coal injection process 
parameters, such as blast gas composition and temperature, could be optimized by 
monitoring the carbon structure of the residual coal char in the emitted dust in the 
top gas. However, the X-ray diffraction technology they used is unsuited for 
operation in the dusty environment of BF plant, because of the serious safety and 
technology issues associated with the X-ray generation unit. An alternative 
technique, such as vibrational spectroscopy, may be preferred, and portable 
Raman/IR spectrometers are now commercially available. 
 
In this study, characterization of samples extracted from both working BFs and from 
pilot scale rigs has been carried out. The results should help to provide a better 
understanding of the fate of coal inside the BF. Both SEC and Raman spectroscopy 
have been tested as potential monitoring techniques to aid the control of coal-
injected blast furnaces. They could assist in monitoring the carbon composition in 
the furnace top dust at regular intervals, i.e. at least daily, thereby identifying 
periods of poor coal consumption efficiency. 
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Chapter 3. Review of Analytical Methods 
3.1 Introduction 
This Chapter gives a brief introduction on a number of analytical techniques 
employed to characterize lab-prepared samples as well as samples extracted from 
working blast furnaces and pilot-scale rigs. The application of these analytical 
techniques to characterization of coal-derived materials is also briefly summarized. 
Due to the complex nature and broad mass distribution of coal-derived carbonaceous 
materials, little is understood of their molecular masses or chemical structures. 
Conventional analytical techniques, such as Gas Chromatography (GC), are limited 
to only low molecular mass (MM) materials that account for a small portion of the 
whole samples.67 Another major difficulty is the decreased solubility of the high 
molecular mass fractions in common solvents. Consequently, it is necessary to 
combine information gained from various techniques to provide a better 
understanding of the types of coal-derived materials studied in the present work. 
3.2 Size Exclusion Chromatography (SEC) 
Size Exclusion Chromatography has been used to characterize the apparent 
molecular mass distribution of the NMP (1-methyl-2-pyrrolidinone) extracts from 
coal-derived samples, and the sizes of soot particles suspended in NMP. SEC is a 
chromatographic method that separates molecules according to their sizes. This is a 
widely used method for the analysis of polymers. Figure 3-1 illustrated the 
underlying principle of SEC. The key part of a SEC system is the column, which is 
packed with a porous material termed stationary phase, typically silica gel or cross-
linked polystyrene. A solvent is forced through the column as an eluant at a typical 
rate 1 mL/min and pressures of 50 to 200 bar. A sample to be analyzed is normally 
dissolved in the same eluting solvent before being injected into the column. The 
sample molecules are separated based on their hydrodynamic volume (the volume 
the molecule occupies in a dilute solution) by the packing material inside the column. 
Large molecules, excluded from the packing material, exit the column first, whilst 
small molecules, able to penetrate the packing material, leave the column later. 
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Figure 3-1 The schematic diagram illustrating the underlying principle of SEC68 
 
SEC is not an absolute technique, so an SEC system needs to be calibrated using 
standards of known MMs to give quantitative measurements of the molecular mass 
distribution. However, it is important to note that the only absolute measurement in 
SEC is the hydrodynamic volume of molecules, and even that measurement has 
certain error built into it. Interactions between the eluting solvent, stationary phase, 
and the sample would affect the measurement. So also would the sample 
concentration inside the SEC column. 
 
A brief literature review of characterization of coal-derived materials using SEC is 
given as follows. In early characterization work 69 , 70 , 71  by SEC, using 
tetrahydrofuran (THF) as the eluant, the upper limit of detected molecular masses 
(MMs) in pyrolysis tars and liquefaction extracts was in the 4,000~6,000 u 
range. 72 , 73 , 74  These results were comparable with those from similar research 
involving the use of SEC coupled to calibrations based on the vapour pressure 
osmometry (VPO) of coal-derived liquid fractions. The use of pyridine as eluent75 
led to average value up to 2,500 u, while Larsen and co-workers 76 , 77  reported 
average MM values of 5,050 u, with indications of masses up to possibly 15,000 u. 
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Neither THF nor pyridine completely dissolves many common coal-derived liquids. 
When using either THF or pyridine as eluent, the progressive increase in back 
pressure across SEC-columns has been widely recognised as a symptom of the 
precipitation of sample out of solution. Clearly, some of the higher molecular mass 
and more polar materials were not observed by SEC in THF or in pyridine. 
Furthermore, insufficient solvent power (notably of THF or pyridine) leads to 
adsorption effects between solute and column packing, known to distort 
chromatograms78, and lead to smaller apparent MM distributions. The shortcomings 
of still weaker solvents, such as toluene, chloroform, dichloromethane, benzonitrile 
and dimethylformamide, have been reviewed 79 . It does not appear possible to 
dissolve tar or extract samples in these solvents completely. Results from any 
solution-based technique, obtained with samples dissolved in the latter solvents, 
must therefore be regarded as reflecting only the more soluble parts of the samples. 
For asphalts, however, THF solvent dissolves all the material and SEC in THF 
showed an excluded peak80 , under which were the materials of high-molecular-
mass. The association of the sample in solvents used for vapour pressure osmometry 
was clearly demonstrated by an increase of apparent molecular mass in less polar 
solvents.80  
 
Nevertheless, these somewhat unsatisfactory data from SEC suggested that coal tar 
or extracts contained significant proportions of material with MMs above 1,000 u 
and that some of these materials could have MMs well above 5,000 u. However, 
results from SEC using THF or pyridine as eluent have often (and justly) been 
criticised for the structure dependence of measured retention volumes, inaccuracies 
inherent in VPO-based calibrations at high MMs and the scarcity of model 
compounds above 300 u that could be used as calibrants. Confirmation of results 
from SEC by independent techniques was also clearly necessary, but much of the 
early work based on mass spectrometric methods did not show molecular masses 
much above 1,000~1,200 u 77. 
 
The next logical step in the development of SEC technique was the removal of 
solubility limitation imposed by the use of THF as solvent and as eluent 81,82. The 
use of 1-methyl-2-pyrrolidinone (NMP) as eluent in SEC was initiated by Lafleur 
and Nakagawa.83  NMP appears to completely dissolve most of the coal-derived 
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liquid used in the work done in Imperial College to date, including a coal tar pitch, 
which is a solid at room temperature. Polymerization of pitch by air blowing or 
thermal methods does lead to some insolubility in NMP [83,84].84,85 Significantly, 
NMP has not led to the build up of back pressure in the SEC columns, even during 
extended periods of use. This contrasts with the blockage of SEC guard columns 
using THF as eluent, which were recovered by dissolving the deposit in NMP81, 
giving a black solution showing the presence of large molecules in SEC using NMP 
as eluent. 
 
In their work, Lafleur and Nakagawa83 used a polydivinylbenzene column at 
ambient temperature. Their use of NMP allowed the detection of an additional range 
of materials in coal-derived liquids with considerably shorter retention times (i.e. 
larger apparent MMs) than those observed in SEC using THF as eluent. In 
particular, a large peak was reported near the exclusion limit of the column.83 
However, some polar model compounds eluted from their column at times which 
were far shorter than would have been expected from the column calibration against 
polystyrene MM standards. In attempting to characterise the material eluting near 
the column exclusion limit, they used heated probe-MS, which showed little ion 
abundance between m/z 250 and 500, the upper limit of the scan. These findings 
were interpreted in terms of a multimode mechanism for SEC, based on molecular 
size but with earlier-than-expected elution of polar molecules. The overall 
conclusion from the work was that materials observed at/near the exclusion limit of 
the column were aggregates of smaller, polar molecules, held together by ionic 
forces, and not of large molecular mass. The addition of LiBr to NMP has been 
claimed to dissipate these ionic forces; the LiBr addition shifted chromatograms to 
much longer elution times86 (i.e. smaller apparent MMs). 
 
Herod and et al.87 reported that the addition of LiBr to the eluent NMP was found to 
shift chromatograms of two nonpolar samples (a naphthalene mesophase pitch and a 
mixture of C60 and C70 fullerenes) to longer retention times, i.e. to smaller apparent 
molecular masses. They interpreted this to mean that the LiBr was altering column 
performance, irrespective of sample polarity. More to the point, LiBr addition 
caused SEC chromatograms to shift to retention times longer than the permeation 
limits of the analytical columns. LiBr addition appears to adversely affect the 
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solvent properties of NMP and to promote surface sorption mechanisms rather than 
size exclusion. In the same study, they observed large-molecule ‘excluded’ peaks in 
the SEC chromatograms of the naphthalene mesophase pitch, an observation clearly 
unlikely to be related to aggregates of smaller, polar molecules, held together by 
ionic forces. MALDI-mass spectra of the same naphthalene pitch have shown MM 
distributions with large high-mass limits. In a separate experiment, LiBr was added 
to the NMP solution of the sample, which was then injected into the SEC column 
using pure NMP as eluent: the profiles of the sample with and without LiBr were 
identical.82 It is difficult to envisage a disaggregation in the solution with LiBr 
which could reconstitute the ‘aggregates’ exactly as before the addition of salt, on 
injection and dilution in the eluent NMP.  
 
In view of the outline presented above, the perceived absence of high-MM materials 
in the heated probe-MS analysis performed by Lafleur and Nakagawa83 may be 
reasonably interpreted in terms of inherent limitations of the heated probe-MS 
method. Clearly, there are sharp differences between results from heated probe-MS 
and those obtained by numerous worker using MS techniques where ionization is 
thought to take place prior to evaporation (e.g. Field Desorption, Fast atom 
bombardment, Laser-desorption)88. Herod and et al.82 found in their work MMs of 
material showing under the excluded peaks in SEC to correlate with MALDI-mass 
spectra showing large MMs, and for some samples extending to above 100,000 
u81,89,90. 
 
3.3 Detectors for SEC 
In this study, two different detectors, i.e. an Evaporative Light Scattering (ELS) 
detector, and a Diode-array Ultraviolet Absorption (UV-A) detector, have been used 
in the SEC. A brief introduction to these two detectors is given as follows. 
 
3.3.1 Evaporative Light Scattering (ELS) Detector 
The ELS detection system was first introduced for analysis of organic materials 
around 1980. This type of detector works by measuring the light scattering from the 
solid solute particles remaining after nebulization and evaporation of the mobile 
 44
phase. For non-derivative lipids, the ELS detector is far more useful for on-line 
quantitative analysis of lipids than the commonly used UV detector. 
 
ELS detector can be used for all solutes having a lower volatility than the mobile 
phase. Semi-volatile solutes can also be detected with new generations of this type 
of instrument operating at low temperatures. For the majority of non-volatile solutes, 
the detection limits reach frequently the nano-gram range per injection. 
 
 
Figure 3-2 The schematic diagram of a typical ELS detector system 
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Figure 3-2 shows the schematic diagram of a typical ELS detector system, which 
consists of three important parts. The first part is the nebulizer that transforms the 
whole liquid phase flowing from the SEC column into fine droplets. The 
nebulization part generally incorporates a Venturi-type flow of gas around the liquid 
inflow. Other designs were also employed by some manufacturers to enhance the 
generation of fine droplets. The generated droplets are carried by the gas flow into 
the next part, the heated evaporation tube. In this part, the solvent is completely 
removed to produce solute droplets without solvation or even pure solute particles. 
The evaporation efficiency is dependent on the shape of the tube and its temperature. 
The last part is the detection chamber, where the solute particles pass through a flow 
cell lit with an incident light beam. The amount of light scattered is measured using 
a photomultiplier and other types of electronic detectors. In some instruments, a 
secondary gas inflow is used to concentrate the particles in the center of the 
detection chamber. The intensity of the light scattered from solid solute particles 
depends on their particle size. In other words, the detector response is dependent on 
the solute particle size produced. This, in turn, depends on the size of droplets 
generated by the nebulizer and the concentration of solute in the droplets. The 
physical properties of the mobile phase, the relative velocity and flow rates of the 
gas and liquid stream influence the size of droplets produced in the nebulizer. 
 
The ELS detector has several advantageous characteristics. It has a very low 
background signal since there is no light scattered from the incident light beam by 
the evaporated solvent. Thus, there is no solvent peak which may hide the detection 
of trace components eluting at the beginning of the chromatogram. The solvent 
quality is of prime importance to achieve a very low background signal. The residue 
of solvent after evaporation is the most important criteria and this quality must be 
always lower than 1 mg/L. The ELS detector can be used with any solvent or 
mixture of solvent as long as these solvents are volatile. The choice of the 
evaporation temperature is important and needs to be adjusted by trial and error with 
repeated injections of a known amount of solute. In addition, the reproducibility of 
the ELS detector is very good, provided physical conditions of the analysis (i.e. flow 
rate, gas pressure, temperature, quality of eluent, sample volume, etc) are maintained 
constant. It has been reported that for cholesterol in the μg range, the relative 
standard deviation of the signal was observed to be about 1.91 Finally, the band 
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broadening effect is very small, which allows the detection of tiny solute mass if a 
small time interval is chosen for the response signal. 
 
The relationship between the ELS detector signal and the sample size is complex. 
For example, the responses of the ELS detector to a range of lipid masses have been 
described as linear, sigmoidal, logarithmic or quadratic.91 These various types of 
response were frequently observed at the low mass end. Linear response is often 
observed as the sample concentration increased. It was noted that the type of 
response was mainly dependent on the design of the ELS detector as well as the type 
of lipid tested. Calibration should be made with standards as close as possible in 
composition of the lipid analyzed. However, this requirement is difficult to meet 
when analyzing coal-derived samples whose chemical compositions are still unclear. 
 
3.3.2 Ultraviolet Absorption (UV-A) Spectroscopy 
When continuous electromagnetic radiation passes through a medium, a portion of 
the radiation may be absorbed. If that occurs, the residual radiation, when it is 
passed through a prism, yields a spectrum with gaps in it, called an absorption 
spectrum. As a result of energy absorption, atoms or molecules pass from a state of 
low energy (termed the ground state) to a state of higher energy (termed the excited 
state). The electromagnetic radiation which is absorbed has energy exactly equal to 
the energy difference between the excited and ground states.  
 
In the case of ultraviolet spectroscopy, the transitions, which result in the absorption 
of electromagnetic radiation in the UV region, are transitions between electronic 
energy levels. As a molecule absorbs energy, an electron is promoted from an 
occupied orbital to an unoccupied orbital of greater potential energy (See Figure 3-
3). For most molecules, the lowest-energy occupied molecular orbitals are the σ 
orbital, corresponding to the σ bonds. The π orbitals lie at somewhat higher energy 
levels; the nonbonding (n) orbitals, holding unshared electron pairs, lie at even 
higher energies. The σ* and π* orbitals are unoccupied orbitals with much higher 
energy. Clearly, the transition from n orbital to π* orbital would require a lower 
energy than a transition from π to π* orbital. 
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Figure 3-3 Electronic energy levels and transitions 
 
Not all the transitions, appearing possible at first sight, can be observed. Certain 
restrictions, termed selection rules, must be considered. For example, one important 
selection rule states that transitions, which involve a change in the spin quantum 
number of an electron during transition, are not allowed to occur; these are called 
forbidden transitions. Transitions that are formally forbidden by the selection rules 
are often not observed. However, theoretical treatments are rather approximate, and 
in certain cases forbidden transition are observed, although the intensity of the 
absorption tends to be much lower than for transitions allowed by the selection rules. 
 
For a single atom that absorbs in the UV region, the absorption spectrum often 
consists of very sharp lines, as would be expected as a result of the quantized 
difference between energy levels. For molecules, however, the UV absorption 
usually occurs over a wide range of wavelengths, because molecules normally have 
many excited modes of vibration and rotation. The energy levels of these vibrational 
and rotational excitation (termed virtual energy levels) are considerably lower than 
those of electronic transitions. The rotational and vibrational levels are thus 
superimposed on the electronic levels. In other words, a molecule may undergo 
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electronic and vibrational-rotational transition simultaneously. Also because of 
many possible transitions present in a molecule and each differing from others by 
only a slight amount, each electronic transition consists of a vast number of lines 
spaced so closely that the spectrophotometer cannot resolve them. As a result, the 
UV spectrum of a molecule usually consists of a broad band of absorption centered 
near the wavelength of the major transition. 
 
Although the UV absorption results from the transition of electrons from ground to 
excited states, the nuclei to which the electrons hold together in bonds play an 
important role in determining which wavelengths of the UV radiation are absorbed. 
Various types of nuclei show different strength of bonding electrons together, hence 
having varied energy spacing between the ground and excited states. Consequently, 
the characteristic energy of a transition, and the corresponding absorption 
wavelength, are determined by the properties of the nuclei of a group of atoms rather 
than those of electrons themselves. A distinct type of nucleus is called a 
chromophore.  
 
UV absorptions of basic chromophores are briefly discussed as follows. For alkanes, 
the only possible electronic transition is the σ to σ* type. These transitions are of 
such a high energy that they absorb UV energy at very short wavelength, shorter 
than wavelengths that are experimentally accessible using typical spectrometers. For 
alkenes and alkynes, π to π* transitions become possible, which are of rather high 
energy, but within the experimentally accessible range. Alkenes absorb around 175 
nm, and alkynes absorb around 170 nm; the position of the absorption maximum is 
sensitive to the presence of substitution. These absorptions are below the cutoff 
points for common solvents, so they are not observed in the solution spectra. For 
alcohols, ethers, amines, and sulphur compounds, transitions of the n to σ* type 
become important. These are also rather high energy transitions. For example, 
alcohols and amines absorb in the range from 175 to 200 nm. Similarly, most of the 
absorptions can not be observed with solutions. Typical carbonyl compounds 
undergo an n to π* transition around 280 to 290 nm. Most of the n to π* transitions 
are forbidden and hence are of low intensity. These transitions are also rather 
sensitive to substitution on the chromophore structure. Carbonyl compounds also 
have a π to π* transition at about 188 nm.  
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The attachment of substituent groups in place of hydrogen on a basic chromophore 
structure changes the position and intensity of an absorption band of the 
chromophore. To make these changes, substituent groups do not necessarily give 
rise to UV absorption themselves. Substituents, such as methyl, hydroxyl, halogen, 
and amino groups, can increase the absorption intensity of the principal 
chromophore, and possibly the absorption wavelength. 
 
Conjugation is another important change in the chromophore structure. Chemical 
conjugation means covalently bonding atoms with alternating single and multiple 
(e.g. double) bonds in a molecule. Increasing the extent of conjugation of an organic 
system brings about a shift to longer wavelength (red shift) in its UV absorption 
spectrum. This is because with conjugated bonds, the electronic energy levels of a 
chromophore move closer. As a result, the energy, required to produce a transition 
from an occupied electronic energy level to unoccupied higher energy level, 
decreases, so the wavelength of the light absorbed becomes longer. Conjugation of 
chromophores not only results in a red shift, but also increases the intensity of the 
absorption.  
 
Comparing the UV absorption spectrum of benzene with the spectra of polycyclic 
aromatic hydrocarbons, e.g. naphthalene and anthracene, it is found that the 
absorption bands shift to longer wavelength. As the extent of conjugation increases, 
the magnitude of the red shift also increases. 
 
3.4 UV Fluorescence (UV-F) Spectroscopy 
In contrast to UV absorption spectroscopy recording absorptions at certain 
wavelengths due to the corresponding transitions between electronic energy levels, 
UV fluorescence spectroscopy is primarily concerned with the relaxation of excited 
molecules. In UV fluorescence spectroscopy, an organic molecule is first excited, by 
absorbing incident light, from its ground electronic state to one of the various 
vibrational states in the excited electronic state. Collisions with other molecules 
cause the excited molecules to lose vibrational energy until it reaches the lowest 
vibrational state of the excited electronic state. The molecule then relaxes down to 
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one of the various vibrational levels of the ground electronic state, re-emitting 
radiation of typically, but not necessarily, visible light. The above process is 
schematized in Figure 3-4. As molecules may relax down into any of the several 
vibrational levels in the ground state, the emitted light will have different energies, 
and thus frequencies. Therefore, by analyzing the different frequencies of emitted 
light, along with their relative intensities, the structure of the various vibrational 
levels can be determined. For example, smaller aromatic clusters fluoresce at the 
higher energy (shorter wavelength) end of the spectrum, whereas larger aromatic 
systems give fluorescence at longer wavelength. 
 
 
Figure 3-4 The schematic diagram of relaxation of an excited molecule via fluorescence 
 
There are three types of spectra that can be acquired during UV fluorescence 
spectroscopy. Briefly, emission spectra are acquired by exciting the sample at a 
selected fixed wavelength while recording the emission over the available spectrum. 
Excitation spectra are produced by varying the excitation wavelength over the 
available spectrum, while fixing the measurement at a pre-selected emission 
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wavelength. Synchronous spectra result from sweeping excitation and emission 
wavelengths with a fixed wavelength difference (normally 20 nm in the present 
work) over the entire range of wavelength (i.e. from 254 to 800 nm in the current 
UV-F instrument). A pure aromatic compound will show a single line as the 
synchronous spectrum, with the excitation spectrum at higher energy (towards 260 
nm) and the emission spectrum at lower energy (towards 600 nm), compared with 
the synchronous spectrum. For complex samples, such as coal tars or extracts, 
synchronous spectra give the clearest indication of the structural complexity, since 
each type of aromatic system giving fluorescence will show a separate line. In 
contrast, the emission and excitation spectra are normally fairly complex even for a 
pure aromatic system. Therefore, for complex coal-derived samples, no significant 
difference can be observed in the emission and excitation spectra. However, some 
indication of difference in chemical structure can be gained. 
 
A number of factors influence and distort the UV-F spectra, and hence complicate 
the interpretation of the spectra of coal-derived materials. Some of the factors, e.g. 
the transmission efficiency of monochromators, are related to the instrument itself 
and not discussed here, because distortions due to most of these factors can be 
automatically corrected in modern UV-F instruments. Distortions also arise from the 
samples to be analyzed. The high molecular mass (MM) nature of coal-derived 
materials often cause intra-molecular energy transfer and excimer formation. 
Although intermolecular energy transfer in solution can largely be eliminated by the 
use of low bulk sample concentrations98, the local concentration of large aromatic 
ring system within large molecules of coal-derived materials can be very high. This 
is because aromatic ring systems, embedded in large molecules, are most likely to 
maintain the interaction and distances among them, unaffected by the dilution. Intra-
molecular energy transfer/mitigation between aromatic ring systems has been cited 
as an important route for relaxation of excited molecules.96 Li et al.98 also reported 
an overlap between 300 and 450 nm of excitation and emission spectra of a coal tar, 
which suggested that intra-molecular energy transfer is one of the important routes 
for relaxation of excited-state energy. UV energy absorbed by individual ring 
systems may either be emitted as fluorescent light or transferred to neighboring ring 
systems, to be at least partly re-emitted as longer wavelength fluorescent light. 
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UV fluorescence spectroscopy has already been used for the characterization of 
coal-derived products to provide information on the relative concentrations and sizes 
of fused aromatic ring systems. In evaluation of the UV fluorescence spectra of 
complex coal-derived products, shifts towards signal at longer wavelength are 
thought to indicate changes of structural features towards those containing larger 
polynuclear aromatic ring systems. The change is usually accompanied by a drop in 
signal intensity as larger ring systems have lower quantum yields.98  
 
Zander et al. 92 , 93 , 94  has used this technique to study coal-tar pitch fractions. 
Aigbehinmua and co-workers have attempted to use so-called “3D-stack plots” of 
UV fluorescence spectra to fingerprint extracts from Daw Mill coal.95 Sychronous 
UV fluorescence spectroscopy has been used by Clark et al.96 and Mill et al. to 
fingerprint coal-derived liquid products. Rathbone et al.97 also have reported the use 
of a UV fluorescence microscopy to characterize a resid from the liquefaction of 
coal. Li et al.98 have applied the UV fluorescence spectroscopy to analyses of coal 
pyrolysis tar. Herod et al.176 also have employed this technique to study the pentane-
insoluble fraction of a coal extract, and hydrocracking products of this fraction. 
 
UV fluorescence spectroscopy provides better resolution than UV absorption 
spectroscopy for aromatic structures with overlapping absorption wavelengths. 
Morgan et al. 99  found that for low molecular mass materials (e.g. the acetone-
solubles of a coal tar pitch) there was agreement between the SEC chromatograms 
(single peak) from a UV fluorescence detector and a UV absorption detector. 
However, UV-F detectors have been found to show no sensitivity to materials of 
very high molecular masses, i.e. materials excluded from the SEC column porosity 
and some of the early eluting material under the resolved peak. These high MM 
materials were detectable with the UV-A detector. In addition, the authors also 
concluded that the UV-F detector is dependent on structure to a greater extent than 
detection by the UV absorption. 
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3.5 Fourier Transform Infrared (FT-IR) Spectroscopy 
3.5.1 Fundamental of IR absorption spectroscopy 
The electromagnetic spectrum consists of different regions, namely X-rays, 
Ultraviolet/visible, Infrared, Microwave and radio frequencies. Table 3-1 
summarizes the types of energy transitions observed for different regions of the 
spectrum. The infrared region lies at wavelengths between approximately 750 nm to 
1mm. For chemical purposes, the vibrational portion of the infrared region, i.e. 2.5 
μm to 25 μm, is of most interest. Most chemists refer to the radiation in the 
vibrational infrared region of the electromagnetic spectrum in terms of a unit termed 
a wavenumber, rather than wavelength. Wavenumbers are expressed as reciprocal 
centimeters (cm-1), and are easily computed by taking the reciprocal of the 
wavelength expressed in centimeters. The main reason chemists prefer to use 
wavenumbers as units is that they are directly proportional to energy. Thus, in terms 
of wavenumbers, the vibrational infrared extends from about 4000 to 400 cm-1. 
Furthermore, the near-infrared and far-infrared regions are roughly from 12000 to 
4000 cm-1, and from 400 to 20 cm-1, repectively. 
 
Table 3-1 Types of energy transitions in each region of the electromagnetic spectrum 
       Region of spectrum            Energy Transitions                                    
X-ray           Bond breaking 
        Ultraviolet/Visible           Electronic 
Infrared           Vibrational 
   Microwave           Rotational 
    Radiofrequencies 
          Nuclear spin (Nuclear Magnetic Resonance)
          Electronic spin (Electron Spin Resonance) 
 
As with other types of energy absorption, molecules are excited to a higher energy 
state when they absorb infrared radiation. The absorption of infrared radiation is, 
like other absorption processes, a quantized process. A molecule absorbs only 
selected frequencies (energies) of infrared radiation. Radiation in this energy range 
corresponds to the range encompassing the stretching and bending vibrational 
frequencies of the bonds in most covalent molecules. In the absorption process, 
those frequencies of infrared radiation which match the natural vibrational 
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frequencies of the molecules in question are absorbed, and the energy absorbed 
serves to increase the amplitude of the vibrational motions of the bonds in the 
molecule. However, not all bonds in a molecule are capable of absorbing infrared 
energy, even if the frequency of the radiation exactly matches that of the bond 
motion. Only those bonds which have a dipole moment that changes as a function of 
time are capable of absorbing infrared radiation. A bond must present an electrical 
dipole, which is changing at the same frequency as the incoming radiation, in order 
for energy to be transferred. The changing electrical dipole of the bond can then 
couple with the sinusoidally changing electromagnetic field of the incoming 
radiation. Symmetric bonds, such as those of H2 or N2, therefore do not absorb 
infrared radiation. 
 
Since every type of bond has a different natural frequency of vibration, and since 
two of the same type of bonds in two different compounds are in two slightly 
different environments, no two molecules of different structure have exactly the 
same infrared absorption pattern, or infrared spectrum. Although some of the 
frequencies absorbed in the two cases might be the same, in no case of two different 
molecules will their infrared spectra be identical. Thus, the infrared spectrum can be 
used as a “fingerprint” to identify a specific molecule. Furthermore, function groups 
tend to absorb infrared radiation in a similar wavenumber range regardless of the 
structure of the rest of the molecule. This is because function groups have some 
fundamental types of bond motions (changing dipoles), called vibration modes, 
which may be affected by the surrounding environment such as the masses of the 
atoms to which the function groups are attached. 
 
The simplest fundamental vibrational modes of a molecule, which are infrared-
active, are the stretching and bending modes. In general, asymmetric stretching 
vibrations occur at higher frequencies (wavenumbers) than symmetric stretching 
vibrations; also, stretching vibrations occur at higher frequencies than bending 
vibrations. 
 
Fundamental vibrations arise from excitation from the ground state, the lowest-
energy exited state. Usually, the spectrum is complicated because of the presence of 
weak overtone, combination, and difference bands. Overtones result from excitation 
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from the ground state to higher energy states, which correspond to integral multiples 
of the frequency of the fundamental mode. A combination band is the result of 
coupling of two vibrational frequencies in a molecule to give rise to a vibration of a 
new frequency. Not all possible combinations occur. Similarly, a difference band 
results from the difference between two interacting modes. One can calculate 
overtone, combination, and difference bands by directly manipulating frequencies in 
wavenumbers via multiplication, addition, and subtraction, respectively. When a 
fundamental vibration couples with an overtone or combination band, the coupled 
vibration is called a Fermi resonance. Again, only certain combinations are allowed. 
 
Although rotational frequencies of the whole molecule are not infrared-active, they 
often couple with the stretching and bending in the molecule to give additional fine 
structure to these absorptions, thus further complicating the spectrum. One of the 
reasons for a broad rather than a sharp band in the infrared spectrum is rotational 
coupling, which may lead to a considerable amount of fine structure. 
 
3.5.2 Fourier Transform IR absorption spectrometer 
The infrared absorption spectrum can be recorded by an infrared spectrometer. Two 
types of infrared spectrometers are in common use in organic laboratories: 
dispersive and Fourier transform (FT) instruments. Both of these types of 
instruments provide spectra of compounds in the common range of 4000 to 400 cm-1. 
Although the two provide nearly identical spectra for a given compound, FT infrared 
spectrometers provide infrared spectrum much more rapidly than the dispersive 
instruments. 
 
FT-IR spectroscopy is based on the idea of the interference of radiation between two 
beams to yield an interferogram. This is a signal produced as a function of the 
change in pathlength between the two beams. The first interferometer was invented 
by the Nobel Prize laureate Albert Abraham Michelson in 1880, not to perform 
infrared spectroscopy, but to test the existence of a “luminiferous aether”, a medium 
through which light waves were thought to propagate. This experiment produced the 
most famous “negative” result in the entire history of science, which prompted the 
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foundation of physics at that time and eventually led to Einstein’s discovery of 
special relativity.  
 
Figure 3-5 The schematic diagram of a typical Michelson Interferometer 
 
Figure 3-5 shows the schematic diagram of a typical Michelson interferometer. The 
beam splitter was designed to transmit half of the radiation from the incident beam 
to the moving mirror and reflecting the other half of the radiation to the fixed mirror. 
After reflecting off the mirrors, the two beams recombined at the beam splitter. This 
beam then leaves the interferometer to interact with the sample and finally reaches 
the detector. The moving mirror produces an optical path difference between the two 
beams and the resultant interference patterns are shown in Figure 3-6 for a 
monochromatic source and a dichromatic source. The sharp intensity peaks in the 
right-hand side of Figure 3-6 are called the center-bursts, and they are caused by all 
the wavelengths constructively interfering at zero path difference. 
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Figure 3-6 Interferograms obtained for (a) monochromatic radiation and (b) dichromatic 
radiation, and their respective IR spectra obtained via Frourier transform100 
 
The interferogram is a complex signal, a plot of infrared intensity versus change in 
optical path (or time), but its wave-like pattern contains all the frequencies which 
make up the infrared spectrum. However, a plot of intensity versus frequency is of 
more practical use. This kind of plot can be produced from the interferogram via a 
mathematical operation known as Fourier transform shown below. Thus an Fourier 
transform infrared instrument can record an IR spectrum virtually identical to that 
obtained with a dispersive spectrometer. But since an FT-IR spectrometer acquires 
the interferogram in less than a second, it is possible to collect dozens of 
interferograms of the same sample and accumulate them in the memory of a 
computer. When a Fourier transform is performed on the sum of the accumulated 
interferograms, a spectrum with a better signal-to-noise ratio can be plotted. An FT-
IR spectrometer is therefore capable of greater speed and greater sensitivity than a 
dispersion instrument.  
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Furthermore, to eliminate the instrumental and atmospheric contributions to the 
spectral signal, the sample spectrum must be ratioed against the background signal 
to give a so-called transmittance spectrum, see Equation 3.3. The absorbance 
spectrum can be calculated from the transmittance spectrum using Equation 3.4. 
These two types of spectrum are equivalent. However, absorbance unit must be used 
in a quantitative analysis. 
Transmittance of light: %100
0
×=
I
IT   (3.3) 
Absorbance of light:       (3.4) TA 10log−=
−0I  the intensity of incident light; −I the intensity of transmitted light 
 
3.5.3 Review of IR study on coal and coal-derived materials 
Sample preparation is the first key step for IR analysis of coal and coal-derived 
materials. In the early stage of infrared examination of coal, two important 
techniques have been developed for sample preparation. The first one is the “thin-
section” technique, which was first successfully applied by Cannon et al.101 and later 
by Orchin and co-worke 102 . However, this method suffers from several 
disadvantages: the preparation of the thin section directly from coal is very time-
consuming and demands considerable skills; it is almost impossible to avoid 
oxidation of the coal surface during the lengthy preparation process. Consequently, 
the method is applicable to only a limited number of coals. The other method is the 
suspension technique, which may be realized in various ways. Well-known is the 
“Nujol mull” technique, involving grinding the coal sample with mineral oil (Nujol) 
to create a suspension of finely ground coal sample dispersed in the oil.103,104 This 
method is suitable for a greater variety of coals and is less complicated than the thin-
section technique. However, it has the serious disadvantage that the radiation is 
scattered to a considerable extent. The scatter may be so severe as to obscure the 
absorption bands. 
 
Van Vuchet et al.106 developed another suspension technique with the use of volatile 
solvent n-heptane and the cavitating action of an ultrasonic field. This cavitating 
action was able to reduce the coal to a particle size smaller than 0.5 μm in less than 1 
h. After the n-heptane had been evaporated, the coal dispersion was stirred into a 
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paste with bromoform, and finally introduced into a measuring cell. This method is 
applicable to low rank coal and brown coal, but not to anthracites because of 
insufficient size-reduction by cavitation for anthracites. 
 
The widely-used KBr-pellet method was first developed by Schiedt105, which has 
given excellent results for coal and coal-derived samples. The coal is normally 
ground in the presence of potassium bromide (KBr), and subsequently compressed 
under high pressure to produce translucent pellets. Both the KBr and the bromoform 
used in the above method have refractive indices closer to that of coal. This is one of 
the reasons that radiation loss due to scattering is significantly reduced in the two 
suspension methods. Additionally, the KBr-pellet technique has a great advantage 
over the bromoform technique. That is KBr does not produce specific absorption 
bands in the region 4000 to 400 cm-1, so that the whole of the region is accessible. 
Moreover, KBr pellets are stable, whereas the bromoform in the paste tends to settle, 
leading to inhomogeneous distribution of sample contained in the paste. 
 
Table 3-2 Summary of positions of major IR absorption bands and their corresponding 
assignments for coal and coal derived materials  
Band position (cm-1) Assignment of spectral bands 
4000-3400 
3800-3600 
H2O, stretching 
O-H, stretching 
3400-3200 N-H, stretching 
3090-3030 Aromatic (C-H)ar, stretching 
3000-2880 Asymmetric aliphatic (C-H)al, stretching 
2870-2850 Symmetric aliphatic (C-H)al, stretching 
2400-2300 CO2 
1850-1590 C=O, mainly due to carbonyl (R-(CO)-R’) 
1615-1590 (C-H)ar, stretching; polynuclear aromatic system
1500-1540 (C-C)ar, stretching 
1460-1380 (C-H)al, bending 
1300-1000 C-O-, mainly due to ethers (R-O-R’) 
925-785 Aromatic (C-H)ar, bending 
758 Ortho-substituted aromatic rings 
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The next important step is to understand the assignment of a number of absorption 
bands in the IR spectrum. The exact positions of the absorption bands of various 
functional groups are affected by neighboring atoms. Table 3-2 summarizes the 
principal positions of functional groups of greatest relevance to coals. A more 
detailed summary of band assignments can be found in Ref [106].  
 
Bands of most concern in the current study are those at 3090-3030 cm-1 and 1615-
1590 cm-1for aromatic C-H stretching, and those at 3000-2850 cm-1 for aliphatic C-
H stretching. In addition, bands at 1500-1540 cm-1 for aromatic C-C stretching, and 
bands at 1460-1380 cm-1 for aliphatic C-C bending are also very important. 
Furthermore, the O-containing functional groups can be reflected by bands at 1850-
1590 cm-1 for carbonyl C=O vibration and bands at 1300-1000 cm-1 for C-O- bonds 
in ether-like structures. 
 
Quantitative IR analysis is useful for providing detailed structural information such 
as aromaticity and aromatic hydrogen content. Brown 107  reported that the ratio 
between the optical densities of the aromatic C-H stretching band (at c.a.3000 cm-1) 
and the aliphatic C-H stretching band (with maxima at c.a. 2900 cm-1) can be used to 
indicate the rank of coals. Painter and co-workers have done excellent work in the 
examination of coal in its different degrees of coalification and aromaticity using 
FT-IR spectroscopy.108,109 They calculated the aromatic hydrogen content from the 
bands of the aromatic C-H stretching modes between 3100 and 3000 cm-1 and from 
the aromatic C-H bending modes between 900 and 700 cm-1. Also the aliphatic 
hydrogen contents were determined from the aliphatic C-H stretching modes 
between 3000 and 2800 cm-1. The aromatic hydrogen content was found to increase 
as a wide range of coal samples increased in rank; the aliphatic hydrogen content, in 
contrast, decreased for higher rank coals. The similar trend was also found by 
Solomon’s group110 in their study of the composition of coal macerals in the range 
of lignites, sub-bituminous and high volatile bituminous coals. 
 
Balik et al.111 calculated the index of aromaticity using the ratio of the intensity of 
the band at 3040 cm-1 for the aromatic C-H stretching mode to the sum of the 3040 
cm-1 band intensity and 2920 cm-1 band (for aliphatic C-H stretching mode) intensity, 
when investigating the possibility of impregnation of C-C composites with coal tar 
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pitches using microwave heating. They also used another ratio, the intensity of the 
band at 750 cm-1 for ortho-substituted aromatic rings over the sum of the intensity of 
the 750 cm-1 band, of the 840 cm-1 band (for aromatic rings with two or three 
adjoining C-H bonds), and of the 860 cm-1 band (for the penta-substituted aromatic 
rings), to indicate the extent of condensation of the aromatic ring systems.  
 
Ibarra et al.112 carried out the FT-IR study of the evolution of coal structure during 
the coalification process. They defined a few ratios of integrated absorbance areas of 
curve-fitted bands, to quantify the structural changes. For example, the CH3/CH2 
(2955 cm-1 band / 2920 cm-1) ratio can be considered as an estimate of the length of 
aliphatic chains of coal and a branching index. The ratio of aromatic C-C to 
carboxylic groups appeared as a suitable index for assessing the degree of 
maturation of organic matter. 
 
However, Painter et al.113 pointed out that the extinction coefficients, used from 
converting integrated absorbance areas to concentration units, are very difficult to be 
calculated for materials as complex as coals, due to the fact that the coefficients 
depend on a series of parameters such as coal structure, coalification stage, origin, 
etc. The choice of average absorption coefficients is an inherent deficiency of the IR 
methods in the analysis of coal structure. 
 
3.6 Transmission Electron Microscopy 
Transmission Electron Microscopy (TEM) is a microscopy technique whereby a 
beam of electrons is transmitted through an ultra thin specimen, interacting with the 
specimen as it passes through it. An image is formed from the electrons transmitted 
through the specimen, magnified and focused by an objective lens and appears on an 
imaging screen, a fluorescent screen in most TEMs, plus a monitor, or on a layer of 
photographic film, or to be detected by a sensor such as a CCD camera. Figure 3-7 
shows the schematic diagram of a TEM system. The first practical transmission 
electron microscope was built by Albert Prebus and James Hillier at the University 
of Toronto in 1938. 
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Figure 3-7 The schematic diagram of a TEM system (a), the path of electron rays (b), and 
the illustration of Dark Field mode (employment of an apterture to select electrons deflected 
by a particular crystal plane)106  
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TEM has had little application to coal and coke until high-resolution techniques 
were developed around 1975. Some investigators, e.g. Evans and Marsh114, used 
lattice fringe phase contrast techniques which could image the profile of aromatic 
layers for very carbon-rich samples such as anthracites and cokes. The diameters of 
the aromatic layers and the number of layer in stacks could be directly measured, 
which was found to accord with the X-ray diffraction results. However, in low-rank 
coals, the amount of disordering structure is too large to provide sufficient contrast. 
 
Later, Oberlin and co-workers developed a technique called the TEM-DF (Dark 
Field) mode.115,116,117 This technique is capable to image directly, with sufficient 
resolution, the Basic Structural Units (BSUs) and the micro-texture (i.e. the size of 
domains of spatial orientation). In the TEM-DF technique, images can be produced 
from electrons deflected by a particular crystal plane (e.g. hkl planes). This selective 
deflection of electrons can be achieved through either inserting an aperture to the 
position of the deflected electrons, or tilting the electron beam so that the deflected 
electrons pass through the centered aperture. Figure 3-7-c illustrates an example of 
the instrumental configuration of Dark Field mode. 
 
More recently, a number of researchers118 , 119 , 120 , 121 , 122  have used HR-TEM and 
Dark Field imaging to investigate the carbon structures and micro-textures of 
various carbonaceous materials, e.g. diesel soot, coal char, and combustion products. 
One of the main conclusions from those researches is that there is good agreement 
between the TEM results and results of the X-ray Diffraction. The size of the BSU 
by both methods is less than 1 nm, and remains nearly constant up to the anthracite 
range (in pyrolysis up to 1000oC). Furthermore, the BSUs in low rank coals are of 
various sizes and randomly distributed, and are maintained so by the presence of 
various chemical groups. For high rank coals, the size of the BSU does not change 
but increasing parallel orientation inside so-called Molecular Orientation Domains 
(MODs) is observed. In other words, the overall carbon structure becomes more 
ordered. Each MOD forms a pore wall. The micro-texture of coke has an analogy to 
compressed crumpled sheets of paper. The MODs increase during coalification and 
carbonization. Chen et al.122 also found ultrafine soot aggregates present in all of the 
fossil-fuel combustion particulate matter. These soot aggregates had a shape of 
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fractal chains of spherical primary particles (size of 30-50 nm), which exhibited a 
concentric arrangement of stacked graphitic layers around the particle centre. 
 
3.7 X-ray Diffraction 
 
Figure 3-8 Illustration of Bragg’s Law; d is the spacing of parallel atomic planes 
 
X-ray diffraction is the most direct tool for studying the structural regularities of 
solids. The fundamental theory of crystal diffraction underlying this technique can 
be described by a simple and easily-understood model—Bragg’s Law. Figure 3-8 
illustrates the Bragg’s Law of the crystal diffraction as multiple specular reflections. 
Consider light rays incident onto parallel lattice planes spaced d apart. The path 
difference for rays reflected from adjacent planes is θsin2d , where θ  is the angle 
between the incident ray and the atomic plane. Constructive interference of the 
radiation from successive planes occurs when the path difference is an integral 
number of the wavelength n λ  of the incident light, so that  
θλ sin2dn =      (3.5) 
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If the wavelength λ  is kept constant, varying the incident light angle θ  will 
generate diffraction from atomic planes with different spacing, which can be 
calculated by Equation 3.5. 
 
Figure 3-9 X-ray diffraction from the (002), (100), and (110) lattice planes 
 
Graphitic structure is the reference when considering the micro-structure of 
carbonaceous materials. The strongest X-ray diffraction is from three atomic lattice 
planes, (002), (100), and (110), respectively, as shown in Figure 3-9. Since the 
crystalline region existing in coal and disordered coal-derived materials, i.e. the 
micro-crystallite, is so small, the aforementioned lattice-like arrangement may not 
be large enough to give rise to perfect constructive or destructive patterns. Also coal 
is only partly composed of crystalline material. As a result, the incoherent scattering 
is relatively strong and produces a continuous background of the X-ray diffraction 
pattern of coal and disordered carbonaceous materials. Other random factors, e.g. 
sample packing, also contribute to the background. For quantitative analysis, base-
line correction of the recorded pattern has to be carried out. Because of the problems 
just mentioned, this correction proves to be difficult. A group of Australian 
researches134 has used a quite complicated approach to do so. They first normalized 
the recorded patterns to electron units by fitting it to the theoretically-calculated 
independent scattering of carbon atom (coherent plus incoherent scattering). The 
incoherent scattering of the carbon atom was then subtracted from the normalized 
curve to obtain the coherent scattering curve for coal. Finally, the coherent scattering 
curve was divided by the coherent scattering of the carbon atom to derive the so-
called reduced intensity curve in the atomic unit, which can be directly used to 
calculate structural parameters. 
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The first quantitative X-ray diffraction analysis of carbonaceous materials was 
conducted by Warren.123 In this work, Warren suggested a structural model, random 
layer lattices, for the non-ideal layer materials like carbon black, and then derived 
the intensity equations for the line profiles of diffraction bands due to these random 
layer lattices. He had successfully applied these equations to four different kinds of 
carbon black.124. Franklin125 and Alexander126 carried out systematic XRD analysis 
on a highly disordered carbon and a carbon black by comparing the observed 
intensity with the intensity calculated from Warren’s equations. Ergun reviewed the 
X-ray studies on the structure of carbonaceous materials 127  and carried out a 
quantitative analysis on the intensities scattered by coal and its distilled products128. 
In Wertz’s work, a radial distribution function, obtained from Fourier transform of 
molecular scattering, was used to examine the molecular-level structuring of 
coals.129 Most recently, Andersen et al.130 have used X-ray diffraction to investigate 
the structures of fractions of crude oil asphaltenes. Two features, referred to as the 
(002) peak and the so-called γ -peak, were found to dominate the diffraction 
patterns. The ratio of the integrated (002) peak area to the area sum of the (002) 
ak and the pe γ -peak could be used to derive the aromaticity of the asphaltenes. 
 
In the case of ordered carbonaceous materials such as coke and extensively treated 
high temperature char, the background signal is rather weak because of the larger 
crystalline region present. As a result, the quantitative analysis of those samples is 
relatively less complicated than for the coal or disordered samples. The average 
graphitic lattice plane distances ( ) can be calculated according to the Bragg 
equation:  
002d
002002 sin2 θλ d=      (3.6) 
Where λ  is the radiation ray wavelength,  θ  is the (002) peak scattering angle. The 
other quantitative structural parameters of carbon structures, i.e. the lateral size of 
the crystallite, ; the stacking height of the lattice planes, ; and the average 
number of graphitic planes in the stacking crystallite, , can be derived from the 
measured XRD patterns by a few methods such as Scherrer’s equations
aL cL
cN
131 , 132 , 
Alexander and Sommer’s method133,134 and Shi et al.’s method135. The reliability of 
these methods on determining coal char carbon structural parameters have been 
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reported recently.136 In the present work, Scherrer’s equations have been employed 
to derive the above structural parameters, as shown below.  and  are the 
widths of (002) and (100) peaks at half height, respectively. 
002B
100
100B
θ and 002θ are the 
Bragg scattering angle of the corresponding diffraction peaks. 
)cos(
84.1
100100 θ
λ
B
La =      (3.7) 
)cos(
9.0
002002 θ
λ
B
Lc =      (3.8) 
002d
L
N cc =       (3.9) 
 
3.8 Fourier Transform Raman Spectroscopy 
Raman spectroscopy is a non-destructive tool for the investigation of changes in the 
micro-structure of various types of carbonaceous materials. The optical penetration 
depth of the exciting laser is of the order of hundreds of nanometres, thus allowing a 
deep view inside the structure of the samples, which in most of cases, even in the 
tiny Diesel combustion particulates, have a macroscopic size on the order of one 
micron. In this section, a brief introduction of Raman scattering and its application 
to the characterization of carbonaceous materials will be given. 
3.8.1 Raman scattering 
Raman scattering or Raman effect is the inelastic scattering of a photon which 
creates or annihilates an optical photon. When light is scattered from an atom or 
molecule, most photons are elastically scattered (termed Rayleigh scattering). The 
scattered photons have the same energy (frequency) and, therefore, wavelength, as 
the incident photons. However, a small fraction of light (approximately 1 in 107 ~109 
photons) is scattered at optical frequencies different from, and usually lower than, 
the frequency of the incident photons. This is called Raman scattering which 
includes Stokes scattering (frequencies lower than that of the incident photons) and 
anti-Stokes scattering (frequencies higher than that that of the incident photons), see 
Figure 3-10. With the aid of certain substrates, resonance Raman scattering can also 
be achieved, where the molecule is excited by the incident photon to a higher 
electronic energy level rather than the virtual energy states. 
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Figure 3-10 The schematic illustration of Raman scattering 
 
The interaction of light with the molecules causes energy exchanges between them. 
The energy differences are equal to the differences of the vibrational or rotational 
energy levels of the molecules. In crystals, the energy of a lattice vibration is 
quantized. The quantum of energy is called a phonon in analogy to the photon of the 
electromagnetic wave. The scattered photon therefore has either less or more energy 
than the incident photon, and the associated scattered light exhibits a frequency shift. 
The various frequency shifts associated with different molecular vibrations give rise 
to a spectrum, which is characteristic of a specific compound. 
Raman scattering experiments often encounter the problem of fluorescence, where a 
molecule absorbs the incident light and transits to an excited electronic energy state. 
The molecule loses some energy to a lower vibrational state within the excited 
energy level, and then relaxes to the ground state (see Figure 3-4). In contrast, the 
Raman scattering normally involves only excitation to the virtual states. This also 
explains why the non-resonance Raman effect does not depend on the wavelength of 
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the excitation, since no real electronic excited states are involved in the interaction 
mechanism. In fact, the Raman spectrum is generally independent on the excitation 
laser used. Also this is the reason that a Raman transition (within pico-second or 
less) is faster than a fluorescence process (10-9 second). 
It is also worthwhile to clarify the difference and the relationship between Raman 
spectroscopy and infrared (IR) spectroscopy techniques. IR spectroscopy is a type of 
absorption spectroscopy, measuring the fraction of the light absorbed as the 
wavelength of the light is varied. The incident light is absorbed when the energy of 
the light photons closely matches the energy of a vibrational transition in the sample. 
A tiny proportion of the photons incident on a molecule interacts with vibrations in 
the molecule, and is Raman-scattered at higher or lower energy. Raman 
spectroscopy involves the measurement of the difference in energy between the 
incident light photons and the Raman-scattered photons. 
Several ‘selection rules’ determine whether or not particular vibrations are infrared 
or Raman active. Providing the energy of the incident light is equal to that of a 
vibrational transition in the sample, the incident light is then able to excite vibrations 
in the sample. For a vibrational transition to be IR active, there must be a change in 
the dipole moment of the molecule during the vibration. If the vibration alters the 
polarisability of the molecule then the vibration mode will be Raman active. For 
example, groups such as carbonyls and nitriles give strong IR absorption, while 
aromatic rings lead to intense Raman bands. 
IR and Raman spectroscopy use different wavelengths, which directly affects the 
possible spatial resolution. Usually, a Raman system allows the laser spot to reach 
its minimum possible diameter (the diffraction limit that is proportional both to the 
wavelength of the light and the efficiency of the optics used). The ability of Raman 
spectrometers to employ visible laser excitation and high quality microscope 
objectives results in a diffraction-limited laser spot of smaller than 1 µm137 . IR 
systems employ longer wavelengths and hence the theoretical diffraction limit is 
much larger-around 20 µm137. IR spectrometers also suffer from less efficient 
objectives, typically giving an illuminated spot of around 100 µm137. Apertures can 
be used to improve the resolution by spatially filtering the collected light, but with a 
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penalty of lower signal intensity. These differences crucially affect the ability of the 
IR instrument to resolve the components of inhomogeneous mixtures. 
In terms of measurement of coal and coal-derive materials, IR spectroscopy often 
involves tedious sample preparation procedures. In contrast, samples can be 
measured in an “as received” manner in most cases for Raman spectroscopy. Water 
and glass, in particular, are strong IR absorbers. Thus, special techniques and cells 
need to be used to acquire IR spectra of aqueous samples. Both water and glass are 
weak Raman scatterers, so it is easy to produce a good-quality Raman spectrum of 
an aqueous sample in a glass cell. 
 
3.8.2 Raman spectroscopy of graphite and other carbonaceous materials 
When considering the carbon structures in cokes and chars, the graphite lattice is 
normally used as the reference structure. Single crystal graphite belongs to the  
symmetry group, and vibrational modes are of the types and 
,
4
6hD
gE22 , gB22 , uE1
uA2
138,139,140,141, as shown in Figure 3-11. The tw gE2  modes are Raman active 
and have been identified with the Raman band at 1581 cm-1 and a low-frequency 
neutron scattering feature at 47 cm-1, w le the u  and uA2  are IR active and 
observable with IR reflectio
o
hi
n.142
disordering. 
 
1 E
 The gB2  modes are optically inactive, but one has 
been observed by neutron scattering at 127 cm-1. For highly ordered pyrolytic 
graphite (HOPG), a second order feature at 2607 cm-1 (designated as the 2D-band; 
this band would shift to shorter wavenumber when carbon structures become 
disordered) can be observed apart from the gE2 (1581 cm
-1) band with an excitation 
laser line of 1064 nm. 143  When the crystallite size becomes finite, a new band 
(designated as D band) appears in the first order region of the spectrum. With a 1064 
nm excitation, the D band falls between 1284 cm-1 to 1327 cm-1 and shifts from 
1284 cm-1 to 1327 cm-1 when the degree of carbon structure ordering decreases.143 In 
addition, another band at ca. 1610 cm-1 (designated as D′-band) also appears and 
convolves with the gE2 (1581 cm
-1) band into the so-called G-band when the carbon 
structure becomes very disordered. The 2D-band also becomes broader, shifts 
toward 2567 cm-1, and even disappears with increasing degree of 
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Figure 3-11 Vibrational modes for single-crystal graphite. The diagram is adapted from Ref 
[144];t he B2g(2) is predicted but not yet observed experimentally 
 
It is necessary to consider the nature of the D, G and 2D-bands in the case of 
disordered carbon structures. As discussed above, the G-band arises from the 
convolution of (1581 cm-1) and D′ (1610 cm-1) bands. The (1581 cm-1) band 
is attributed to the sp2 bonded carbon in the hexagonal graphitic planes. The D′ 
(1610 cm-1) band is assigned to a peak near the high frequency edge of the 
vibrational density of states (DOS) of the carbon lattice
gE2
=k
gE2
140, and it becomes Raman 
active when the selection rule breaks down. Therefore, the G band is regarded 
as the Raman scattering from the inner graphitic plane. 
0
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The nature of the D band is still controversial.140,145 , 146 ,. 147 ,148 Some researchers 
ttributed it to a decrease in symmetry near micro-crystallite ed e  ducing 
the symmetry from hD6  to vC3  or even to sC . The mechanism is the breakdown of 
the  0=k selection rule for optical phonons near crystalli
have a g s, re
te edges.138,140,141 Such 
reakdown permits phonons other than 1581 cm-1 and  42 cm-1 to become active and 
de
b
the spectra reflect the density of phonon states in the lattice.  
 
Mernagh et al.147 have suggested a different explanation for the D-band mode, in 
terms of specific vibrations at the edges, e.g. oxi s or CC = groups that are present 
only at the edges. However, the presence of the D-band is not necessarily only 
associated with microcrystallites. Katagiri et al.155 reported observing the D-band in 
the Raman spectra of the edge plane of HOPG, where the spectra were found to be 
strongly sensitive to the polarization of the laser light relative to the graphite plane. 
This indicated that the edges were of relatively higher degree of orientation, since 
orientation can cause the dependence of measured spectra on polarization of the 
incident laser. If the D band arises from small microcrystallites only, it should not be 
present in the HOPG edge plane. A further confirmation of edge plane behaviour is 
provided by Bowling et al.149,150 who electrochemically oxidized the basal plane of 
HOPG resulting in large crystallites with surface oxides. The Raman sp um of the 
oxidized basal plane exhibited a D-band as observed in other carbon materials. From 
these observations of HOPG edge plane behavior, it is clea
ectr
hat the selection 
le can break down near the edge of a large crystallite, and small (< 1000Å) 
all, creating a highly disordered carbon 
ructure, the D-band would become very broad and difficult to identify in the 
 
r t  0=k
ru
microcrystallites are not necessary for the D-band to occur. 
 
Furthermore, the 2D band (at 2607 cm-1 for highly ordered carbon; shifts toward 
smaller wavenumbers for less ordered carbon) has been attributed to the overtone of 
the D band140 and is strongest for the most ordered graphitic structure. Therefore, the 
D band is a mode inherent in the graphite lattice, which becomes observable when 
symmetry is broken by an edge or an intercalated atom. The D-band intensity thus 
depends on edge density rather than the crystallite size ( aL ). On the other hand, if 
the crystallite size becomes extremely sm
st
spectrum, as would the overtone 2D band. 
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3.8.3 Quantitative processing of Raman spectrum of carbonaceous materials 
For very ordered carbonaceous materials, e.g. graphite and HOPG, their Raman 
bands are very intense and sharp with rather weak base-line signal. Acquired spectra 
can be used to assess the carbon structure simply after conducting the base-line 
correction. Tuinstra and Koenig138, who were the first to apply Raman spectroscopy 
to graphite and other less ordered carbons, formulated a method by which the 
dimensions (the lateral dimension aL ). However, as the carbonaceous materials 
become more disordered, their Raman bands become broader and less well-defined. 
The base line also increases to a great extent, as the heating effect and the
relative intensities of D band to G band were inversely related to the in-plane lattice 
 
fluorescence effect occur. An example is given in Figure 3-12 to show the difference 
in the unprocessed FT-Raman spectra of a HOPG and a candle wax soot. 
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corrected spectrum was deconvoluted into two bands centered at 1596 cm  and 
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Figure 3-12 FT-Raman spectra (unprocessed) as acquired of a HOPG and a candle soot 
 
A number of methods have been reported on the evaluation of less ordered carbons 
using FT-Raman spectra. Kawakami et al. 151  has used a four-peak curve fitting 
method to derive parameters from Raman spectra of charcoals. The author of this 
thesis also adapted this method in a study of core-drilled BF cokes using Raman 
spectroscopy. 152  Figure 3-13 illustrates how the method works. The baseline-
-1
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1288 cm-1, respectively, where the G and D bands of ordered pure carbon lie. The G 
band corresponds to the graphitic and D band to the graphitic defect fractions of the 
coke samples. However, two other bands (designated as R1 and R2) were needed in 
order to reproduce the original measured spectra. In this way, the original spectrum 
is represented by a combination of G, D, R1 and R2 bands. The 2D band was also 
fitted with a Lorentzian peak as shown in Figure 3-13. 
 
F
drilled co
igure 3-13 Curve-fitting and band deconvolution of FT-Raman spectrum of a BF core-
ke 
ach became more time-consuming and sometimes gave 
pparently incorrect results. 
nt of
 
However, this method does not suit disordered samples, e.g. mildly-pyrolyzed coal 
char, very well, because the valley between the G and D bands becomes very broad 
and intense. Consequently, more peaks need to be fitted into the raw spectrum. Most 
recently, Li et al.153 developed a deconvolution method of fitting 10 Gaussian bands 
into the Raman spectra of chars gasified from iron-exchanged Australian brown 
coals. The 10 peaks were assigned to various possible structures expected to exist in 
coals. However, the random shift of band positions and the interference of different 
bands during curve-fitting were found to occur when increasing the number of peaks 
fitted. Furthermore, the appro
a
 
Other methods include employme  the intensity ratio of raw (without 
deconvolution) D band to G band ( GD II / ), the ratio of half-width of D peak to G 
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band154, the ratio of the minimum point of the valley between D and G band to G 
GI/ )band intensity (
d e used as an approach for the evaluation of the carbon 
Therm ric analysis (TGA) 
ormally used for char reactivity measurement, which will 
 
VI
GI  will b
ogravimet
Non-isothermal method
10
155 , etc. In the current work, the combination of the raw 
GD II /  an  VI /
be discussed as follows. 
0
structure. 
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Thermogravimetric analysis (TGA) is used to determine changes in sample weight, 
which may result from chemical or physical transformations, as a function of time or 
temperature.156 TGA has been used as a powerful method to measure the reactivities 
of both coals 157 , 158 , 159 and chars 160 , 161 . Two methods, i.e. non-isothermal and 
isothermal method, are n
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The non-isothermal method measures the weight change as a function of time or 
temperature at constant heating rate. The main advantage of this method is that the 
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whole sample is analyzed in a relatively short period of time.161 In a non-isothermal 
measurement, samples are placed in a sample pan, and the system is purged by N2 
while heating up the furnace from ambient temperature to a medium temperature, 
e.g. around 450oC. Moisture and some gases are released during this stage. The 
samples are then kept at that temperature for a few minutes to achieve thermal 
equilibrium across the sample. The furnace is then further heated up to a high 
temperature, e.g. about 900oC, at a programmed constant rate normally between 5-
30 K/min. The purge gas is switched over to air, CO2 or other O2-containing gases 
immediately after the heating-up starts. The sample will react with the gas and the 
weight loss of the sample is monitored as a function of elapsed time or temperature. 
The temperature is kept at the peak temperature for a few minutes to allow the 
complete burnout of the sample, so that the ash content can be defined. As an 
example, the non-isothermal weight-loss profile of a BF “bosh” coke is shown in 
igure 3-14. 
s of 
oals provided that the apparatus and experimental parameters are as specified.  
temperatures than the less reactive component. The mass compositions of coal 
F
 
By assuming the weight loss to be of first-order kinetics, the activation energy and 
pre-exponential factor can be calculated from the weight loss profiles at different 
heating rates.161 The problem with this technique is that, as temperature increases, 
diffusion of the reactive gas to char surfaces begins to control the process, because 
the chemical reaction becomes faster and a thicker layer of ash is formed around the 
particle.56  Smith et al.162 found that, in general, Arrhenius plots are characterized by 
two or more regions of striking linearity, each with its own associated value of 
apparent activation energy, corresponding to chemical reaction control, mixed 
control of chemical reaction and physical diffusion, and diffusion control, 
respectively. From these, Cumming and Mclaughlin163 defined a weighted mean 
apparent activation energy which can be successfully used to rank the reactivitie
c
 
This non-isothermal method is particularly useful to analyze blend samples 
comprising a few components. Peralta-Soloria164 has used this method to study coal 
blends for pulverized coal combustion. Separate peaks were observed in the weight 
loss profiles of coal blends, because the more reactive component burnt off at lower 
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blends were calculated by integrating the area under peaks in the plot of weight loss 
with respect to temperature versus temperature (i.e. against T). dTdW /
3.9.2 Isothermal method 
The intrinsic reactivity of chars can be measured at low temperatures by the 
isothermal method, which is to trace the weigh-change as a function of time at a 
constant temperature. In isothermal measurements, the sample is heated in an inert 
gas to the desired reaction temperature with a heating rate typically between 20-50 
K/min. After the sample is held at the reaction temperature for a while to establish 
thermal equilibrium, the gas is switched over to a reactive gas with a typical flow 
rate between 60-120 mL/min. At the end of the isothermal stage, the sample 
temperature is normally raised to a higher value to allow complete burnout of the 
sample. The great advantage of this method is that the gasification reaction takes 
place at a fixed temperature so that the reactivity data obtained are directly 
applicable. Figure 3-15 shows an example of the isothermal weight loss profile of a 
density-separation fraction of a BF top gas dust. 
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Figure 3-15 Iso-thermal (at 500oC) weight loss profile of the fraction (lighter than chloroform) 
of a BF top gas dust sample in TGA  
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The choice of sample size and operation temperature is very important in isothermal 
methods in order to assure that the rate of the chemical reaction controls the char 
burning process. Smaller sample size is always desirable since char particles can be 
piled in a thinner layer, thus reducing the difficulty of oxygen diffusion to char 
particles deep inside the pile. However, using small sample size can increase the 
noise during TGA measurements. Temperature higher than 650 oC could result in 
significant interference through diffusion; chemical reaction was found to be the 
sole resistance at temperature below 527 oC.165 Therefore, coal or char samples of 
several milligrams, and a temperature between 400-600  oC are normally used to 
reduce the influence of diffusion on combustion to negligible extent. 
 
Peralta-Soloria164 summarized the reactivity indices normally used for chars and 
coals in his thesis. The fact that char structure changes with burnout makes it very 
difficult to define the reactivity without arbitrary assumptions. Normally, the 
maximum reactivity is used as the index of reactivity, expressed as: maxR
    
max0
max
1 ⎟⎠
⎞⎜⎝
⎛−=
dt
dW
W
R     (3-10) 
where, the  is the initial weight of the char on a daf basis; and the is 
the maximum weight loss rate. In addition, the time required for 50% burnout is 
also frequently used as an index for relative combustion reactivity.
0W max)/( dtdW
2/1t
166  
 
In this study, both insothermal and nonisothermal methods have been used to 
compare the char and coke samples. Since only the relative reactivity is of interest, 
is used as the index to simplify the procedure. For samples of similar reactivity, 
e.g. mildly pyrolyzed chars, the isothermal method is able to provide better 
resolution than the non-isothermal method. This is because effects of factors like 
heating related to higher temperatures can be eliminated by using a lower 
temperature.   
2/1t
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Chapter 4.    Experimental 
A large number of samples, including lab-prepared chars and cokes plus samples 
extracted from working blast furnaces and pilot-scale rigs, have been characterized 
in the current study. Detailed descriptions of these samples are given in Chapter 5, 6 
and 7, respectively. The technical details of the analytical instruments and the wire-
mesh reactor are given in this Chapter. 
4.1. Wire-mesh Reactor (WMR) 
The wire-mesh reactor is an apparatus in which single coal particle behavior during 
pyrolysis and gasification can be simulated. The first wire-mesh reactor was 
constructed by Loison and Chauvin167 about forty years ago. In their study, however, 
coal was mixed with water into a paste which was then pressed onto a single layer of 
metallic mesh held between two electrodes. Later development saw significant 
contributions from Howard’s group168,169 and Suuberg and co-workers170,171,172. 
 
 
Figure 4-1 The schematic diagram of the wire-mesh reactor designed by Gibbins173 
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The development of the wire-mesh reactor at Imperial College began in the early 
1980’s. Gibbins173 built the first reactor operating at atmospheric pressure, which 
has served as the basic configuration since (see Figure 4-1). Modifications of a high-
pressure version of the wire mesh reactor have been carried out by subsequent 
workers. A review of these modifications was given by Pipatmanomai3. 
 
Figure 4-2 High-pressure wire-mesh reactor174: [1] gas exit; [2] quartz bell; [3] electrode 
clamps; [4] mesh support plate; [5] electric current supply; [6] sinter disc; [7] support plate 
stands, hollow to allow cooling water flow; [8] copper seal; [9] gas inlet; [10] base plate; [11] 
throw over sealing ring; [12] flow smoothing cell; [13] spring, hollow to allow cooling water 
flow; [14] wound corrugated tube; [15] pressure bell; [16] mesh;[17] opening to pressure 
gauge 
 
The schematic diagram of the high-pressure wire mesh reactor is shown in Figure 4-
2. Detailed descriptions of the apparatus can be found elsewhere.67 During a run, a 
total 5-6 mg of coal sample is spread as a mono-layer within a folded double-layer 
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mesh (see Figure 4-3), which is then stretched between two electrodes. The metallic 
mesh serves as a resistance heater as well as the sample holder. A mono-layer 
distribution of coal samples between the mesh layers is achieved using vacuum and 
vibration force. A stream of helium (for pyrolysis) or air/CO2 (for combustion 
/gasification) is passed through the coal sample on the mesh. This sweep gas flow is 
able to remove volatiles rapidly from the heated zone in order to avoid secondary 
reactions. Tar released during pyrolysis is also entrained with the sweep gas into a 
tar trap cooled by liquid N2, where it is condensed and captured. Tar can be 
recovered after being washed out of the trap with a Chloroform/methanol (4:1) mix 
solvent and then being dried at 50oC in air. The total volatile yield and tar yield can 
be calculates as follows. 
sample coal original ofweight 
100%char)resultant  ofweight -sample coal  original of(weight   yield  volatile total% ×=  (4.1) 
sample coal original ofweight 
100%trap)clean tar  ofweight -run after the  tar trapof(weight   yield tar % ×=   (4.2) 
 
 
Figure 4-3 A stainless steel mesh and the positions of two pair of thermocouples in the 
reaction zone; the stamp is used to groove the reaction zone for high pressure runs. 
 
A key feature of the apparatus is the feedback temperature control system, capable 
of generating well-defined temperature-time profiles. Figure 4-4 shows a typical 
temperature-time profile for a WMR run. The feed-back is realized through the use 
of two thermal couples (TC) that are firmly attached onto the mesh surface (see 
Figure 4-3). 
 
Major advantages of the wire-mesh reactor over other conventional types of reactor 
can be concluded as follows: 
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(1) Two pairs of thermocouples are inserted into the layer of coal particles, with the 
connecting bead of the two TC threads is closely attached to the mesh surface. This 
allows for a temperature measurement with accuracy within ±10oC; 
 
(2) The feed-back temperature control system provides a wide range of reproducible 
experimental conditions with identical time-temperature histories. Temperatures up 
to 2000 oC can be regularly achieved. Therefore, the WMR is capable of closely 
simulating the very harsh conditions inside the blast furnace, e.g. the region of the 
tuyere and “raceway”; 
 
(3) The sweeping gas assures removal of volatiles and tars out of the heated zone 
almost immediately after their release. Therefore, the secondary reactions of tars and 
the deposition of secondary products onto the residual char are minimized. The 
captured tar thus can be considered as being very close in nature to the primary tar 
evolved during coal devolatilisation. The char is also deemed as clean without 
significant contamination by secondary products. 
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Figure 4-4 The time-temperature profile with controlled output voltages for a wire-mesh 
reactor run (heating rate 1000 K/s, holding time 30s, peak temperature 700oC) 
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4.2. Size Exclusion Chromatography 
Size Exclusion Chromatography (SEC) on a Mixed-A column (7.5 mm diameter × 
300 mm length) from Polymer Laboratories UK has been used in the present work. 
The column was packed with polystyrene-polydivinylbenzene beads of 20 µm 
nominal diameter. NMP was used as the eluent, as it has been shown to elute 
molecules by a predominantly size exclusion mechanism, and with minimum 
surface effects in contrast to other solvents such as pyridine or THF79,82,83, where 
surface interaction effects became important. The column was operated at room 
temperature with a flow rate of 0.5 mL/min. Two detectors were used: an 
Evaporative Light Scattering (ELS) detector (flow rate of 0.8 litre/min at 4 bar; 
nebuliser and evaporator temperatures of 210 ºC and 150ºC, respectively) and a 
Diode-array UV-visible absorption detector with multiple wave-lengths (280nm, 
300nm, 350nm, 370nm, and 450nm).  
 
The Mixed-A column was calibrated using a wide range of polymer standards; 
polystyrene (PS) up to 6105.15 × u; polymethylmethacrylate (PMMA) up to 
~ u; and polysaccharides (PSAC) up to 788,000 u6101× 175,176. The calibration was 
checked for accuracy by the following procedures: 
(a) The elution times of model compounds up to slightly above 1,000 u were 
compared with the polystyrene calibration. Structural features of these 
compounds ranged from polynuclear aromatics to dyes and organic acids175; 
(b) Mass determinations up to m/z 3,000, by MALDI-MS, of fractions of pitch from 
size exclusion chromatography175, 177  were comparable with the equivalent 
polystyrene molecular masses calculated for the measured elution times of the 
fractions; 
(c) Several polymeric standards of known molecular mass: poly-N-vinylcarbazole 
(90,000u), polyvinyl acetate (170,000u), poly(vinylpyrrolidone) (58,000u), 
polyethylene-adipate) (10,000u), poly(vinylpyrrolidone) (3,500u)175,176 eluted 
close to the polystyrene calibration curve. 
The calibration curve for the Mixed-A column, using PS, PMMA and PSAC, is 
shown in Figure 4-5. Another calibration with three-dimensional standards is shown 
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in Figure 4-6. It can be seen that early eluting material does not necessarily have a 
large molecular mass, if its molecular structure is three-dimensional. 
 
Figure 4-5 The calibration curve for the Mixed-A column with PS, PMMA and PSAC 
standards175 
 
 
 
Figure 4-6 The calibration curve for the Mixed-A column with three-dimensional standards: 
soot, colloidal silicas and fullerenes175; the inset is the single-peaked chromatogram of the > 
20 nm (nominal ) fraction of an ethylene flame soot on the Mixed-A column 
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4.3. Reactivity tests in TGA 
A Perkin-Elmer thermogravimetric analyzer TGA7 has been used to compare the 
reactivity of the core-drilled cokes and their demineralized products. About 5 mg of 
each coke sample was placed in a Platinum pan and introduced into a nitrogen-
purged furnace. The N2 (research grade) flow rate was 40 mL/min.  
 
In the non-isothermal method, the temperature of the furnace was first increased 
from 50oC to 400oC, at 25oC/min, followed by a 15 minute hold at 400oC. The purge 
gas was then switched from N2 to air (Zero grade) and, simultaneously, the 
temperature ramped from 400 oC to 900 oC, at a rate of 15oC/min. The temperature 
was held at 900 oC for 15 minutes to allow the sample to completely burn out. The 
time taken for the sample weight to reach 50 % of its original value, designated as 
, has been used as the measure of relative combustion reactivity.  2/1t
 
In the isothermal method, the temperature was first increased to 110oC from 50 oC at 
at 25oC/min, followed by a 15 minute hold at 110oC. This is to allow complete 
removal of moisture. The purge gas is then switched from N2 to air (Zero grade). 
After the desired weight loss had been achieved, the temperature was increased to 
900 oC at 25oC/min to allow the sample to completely burn out. The weight loss 
profile was used to compare the reactivities of different samples. 
4.4. UV-fluorescence Spectrometry 
UV-fluorescence spectra of tars and extracts have been acquired with a Perkin-
Elmer LS 50 luminescence spectrometer. The spectrometer features automatic 
correction for changes in source intensity as a function of wavelength. The 
spectrometer was equipped with a transmittance accessory, and a quartz cell of 1 cm 
light pass length was used with emission being detected perpendicular to excitation 
(90oC). 
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4.5. FT-IR Spectrometry 
The infrared spectra of the samples have been acquired by Fourier transformed 
infrared spectroscopy (FTIR), using a Nicolet Magna IR-560 spectrometer equipped 
with a mercury–cadmium telluride detector operating at 4 cm−1 by averaging 256 
scans. The diffusion reflectance spectra were converted to the Kubelka–Munk 
function. The coal samples were well mixed with dried KBr (sample/KBr ratio 
1/100), and then pressed into very thin pellets. Two pellets of each sample were used 
to derive the averaged spectra, in order to minimize experimental errors. Spectra 
were corrected from scattering using two baselines (4000–1800 cm−1 and 1800–400 
cm−1). 
4.6. High Resolution Transmission Electron Microscopy 
A 200KV filed emission analytical transmission electron microscope (JEOL JEM 
2010) instrument has been used for the analyses of NMP extracts from a coal sample, 
its partially O2-gasified products and a “bosh” coke. A couple of (3 to 4) drops of 
the NMP extracts were gently deposited onto carbon film grids (AGAR-S167-3 
Carbon/Cu, 300 mesh). The extractable materials were recovered by evaporation of 
the excess NMP in a vacuum at a temperature of about 120oC to constant weight. 
The dried grid was inserted into the instrument to acquire the high-resolution 
photomicrographs of the NMP-extractable materials. 
4.7. Demineralization 
Demineralization of cokes prior to XRD analysis is necessary because minerals, 
silica in particular, would have distorted the XRD patterns (particularly the (002) 
peak) of the coke samples. Demineralization proceeded in two steps: first, about 2 g 
of each coke sample (ground and sieved to a size less than 74 mμ ) was dispersed in 
24 mL of HCl solution (specific gravity 1.18). The mixture was stirred in an 
incubator for 3 h at 50 oC before the coke was filtered and washed with de-ionized 
water. The HCl-treated sample was then mixed with 30 mL of HF solution 
(concentration 40%). The mixture was stirred for another 3 h at 50 oC in the 
incubator and then filtered. Finally, the demineralized coke samples were washed 
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with de-ionized water and dried overnight in a vacuum oven, at 105 °C. The dried 
samples were left at ambient conditions for one day before their ash contents were 
measured. The final ash contents of all the samples were less than 2.5% by weight, 
low enough to record acceptable XRD patterns. 
4.8. X-ray Diffraction 
The X-ray diffraction patterns of demineralized coke samples have been recorded by 
a Philips PW1700 series Automated Powder Diffractometer using a Cu Kα radiation 
( 1λ =1.54060Å, 2λ =1.54439Å) source at 40 kV/ 40 mA with a secondary graphite 
crystal monochromator. Coke samples were placed on a single crystal silicon disc 
sample holder. The sample holder did not give an amorphous halo and, because the 
crystal was cut along a plane that did not diffract within the angular range of the 
diffractometer, no peaks could be seen in the background. This can therefore 
be described as a “zero background substrate”. About 3 mL acetone was then added 
and mixed with the coke samples. This solvent vaporized quickly leaving an even 
layer of coke sample on the sample holder. The samples were then loaded into the 
X-ray cavity and scanned in a step-scan mode (0.04o/step) over the angular range 
from 10o to 60o. For the “raceway” coke and the “deadman” coke (i.e. Core2 and 
Core5 in Chapter 7), the scanning range was expanded to 100o. Scattered X-ray 
intensities were collected for 1 second at each step. 
4.9. Fourier Transform Raman Spectroscopy 
The Raman spectra of coal chars and cokes have been obtained in air at room 
temperature using a Fourier Transform Equinox 55 spectrometer (Bruker) with an 
FRA 106 Raman module equipped with a Ge detector and a 1064 nm Nd:YAG laser. 
The laser power was selected between 10 and 140 mW, depending on the samples 
tested; the spectral resolution was 4 cm-1. For each sample, three measurements have 
been made on a random fraction of the sample. 2000 scans have been carried out in 
each measurement to obtain spectra with acceptable noise-to-signal ratio. The 
averaged spectrum of each sample from the three measured spectra has been used to 
derive spectra parameters. 
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Chapter 5.    The Fate of Injectant Coal in 
Blast Furnaces 
 
5.1 Introduction 
In the blast furnace, when the coal particles are injected into the hot air blast, they 
are heated rapidly by the blast (with heating rates exceeding 104 K/s), and pyrolysis 
occurs once the particle temperature exceeds ca. 400°C. Released volatiles combust 
with oxygen immediately, while combustion of the residue char particles is much 
slower and limited by the rate of oxygen diffusion towards the char surface. The 
combustion of volatiles and chars generates significant amounts of heat which 
increases the blast temperature quickly. The blast velocity is very high, normally 
over 200 m/s at the tuyere noses, so that volatiles and chars, mixed with and 
entrained by the hot blast, have a very short residence time as they pass through the 
combustion zones of the blast furnace, the so-called “raceways”, a region of 
fluidised particles, high temperature, and intense reactions. Reactions of volatiles 
and chars in the “raceway” are complex and not fully understood yet. Nevertheless, 
it is certain that oxygen is depleted rapidly in the “raceways”, with the result that 
reactions are expected to switch from combustion to gasification by CO2. 
Furthermore, due to the high velocity of the blast, chars may reside in the “raceway” 
for no more than 30 ms.24 Such a short residence time would limit the extent of char 
conversion considerably. Subsequent reactions of chars, once they had moved out of 
the “raceway” region, would be more complex to predict. 
 
This chapter presents an investigation of the fate of injectant coal in blast furnaces, 
with a focus on the extent to which coal conversion can be achieved inside the blast 
furnace. The various factors affecting the extent of conversion are also discussed. 
The investigation was carried out by characterizing various sets of samples extracted 
from working blast furnaces and pilot-scale rigs and also char samples prepared in 
an electrically heated wire-mesh reactor (WMR). 
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5.2 Experimental 
5.2.1 Selection and preparation of samples 
A number of samples have been supplied by Corus UK Limited, as follows:  
i)  A coherent set of samples from an operating blast furnace, comprising the feed 
coke, the injectant coal (designated as BS2), and three top gas dust samples 
(designated as BF, PJN-F and PJN-4), have been studied. Properties of this set of 
samples are shown in Table 5-1.  
ii) Another coherent set of samples were taken from a ‘‘single-tuyere’’ test rig at the 
Teesside Technology Centre of Corus UK Ltd. The rig was operating with coke 
(pre-loaded) and injectant coal (continuously injected) only. The injectant coal was 
designated as S/B3. The corresponding three dust samples were: T1, T2 and CY, and 
their sampling positions are shown in Figure 5-1. T1 and T2 were collected from 
conditioning towers 1 and 2, respectively. It was noted that the gas off-take for T1 
was immediately above the tuyere, whereas that for T2 was above the opposite wall. 
Dust CY was collected from the cyclone, which collected the dust remaining in the 
exhaust gas at the exit from the two conditioning towers. Properties of this set of 
samples are also shown in Table 5-1.  
The char and coke proportions in the above two sets of dust samples were 
determined using a Zeiss Universal reflected polarised light microscope at Corus 
Teesside Technology Centre. The differentiation between coke and char was based 
on overall morphology, particle shape and degree of development of optical 
anisotropy, as revealed by interference contrast in the microscopy. It was evident 
from the data in Table 5-1, that not all the injected coal has been completely reacted, 
since a small portion of coal char was still present in all three top gas dusts.  
iii) A complete set of coke samples taken from an operating furnace, at tuyere level, 
using the core drilling technique178 shown in Figure 5-2, has been studied. The core 
was drilled to the centre of the furnace using a Corus mobile rig soon after the 
furnace had been taken off blast and the selected tuyere had been removed. After 
rapid withdrawal, the red-hot core drill was filled with nitrogen and quenched 
externally with water. The cooled probe tube was then cut in half, axially, to reveal 
the core. After fragments of slag and iron had been removed, coke samples were 
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collected from different positions across the core for further analysis, e.g. size 
distribution, reactivity, etc. This core provides a snap-shot of coke condition across 
the cross-section of the furnace, at tuyere level, at a particular point in time, assumed 
to be representative of steady state operation of the furnace. 
iv) A coke sample recovered from the “raceway” region of another blast furnace that 
had been rapidly quenched with liquid nitrogen, at the end of its operating campaign, 
has also been studied. 
Table 5-1 Properties of coal and associated dust samples 
Sample Char* (Vol.%, mmf) 
Coke* 
(Vol.%, mmf) 
Ash? 
(% db) 
V.M. 
(% db) 
C 
(% db) 
H 
(% db) 
BS2 - - 6.5 13.2 85.9 4.3 
BFΔ 2.0 60.0 49.0 1.1 53.4 0.1 
PJN-F 3.0 31.4 50.3 n.d. n.d. n.d. 
PJN-4 2.4 23.0 50.6 n.d. n.d. n.d. 
S/B3 - - 8.7 17.4 82.7. 4.3 
T1 78.5 21.5 23.9 0.5 80.2 0.04 
T2 50.5 49.5 26.5 0.1 77.1 0.06 
CY 94.0 6.0 40.9 0.2 63.8 0.14 
*: char and coke proportion were obtained by a point-counting technique at Corus, UK. 
∆: also contained 38 db% ferruginous material; mmf: mineral matter free basis 
 ?: db: dry basis 
In addition to the samples recovered from working furnaces, a set of samples have 
been specially prepared in the laboratory from BS2 coal, using an electrically-heated 
wire-mesh reactor; both tar and char samples have been generated. The purpose of 
these experiments was the generation of a coherent set of char samples with actually 
known time-temperature histories. The experimental conditions used, and total 
volatile yields measured, are shown in Table 5-2. Advantages of the wire mesh 
reactor include accurate control of the time-temperature history of samples and 
suppression of secondary deposition of evolving volatiles by passage of a stream of 
sweep gas through the heated sample. 
Finally, a candle-soot sample has been collected from the wall of a water-cooled 
tube inserted into a candle flame. Soot represents a suitable reference material for 
the pyrolysis products of coal volatiles of high molecular mass. 
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Figure 5-1 The “single tuyere” rig at the Teesside Technology Centre of Corus UK Ltd 
5.2.2 Extraction of samples 
NMP (1-methyl-2-pyrrolidinone) has been used as the solvent for extraction of the 
above samples due to its ability to achieve high extract yields under relatively mild 
conditions. In the present work, about 2 g of sample was extracted in 100 mL of 
NMP for 1.5 h in an ultrasonic bath at room temperature. The solution was then 
passed through a 1 µm glass fibre filter paper. The filter paper together with the 
filter cake was then washed several times with a 4:1 acetone/de-ionized water 
mixture to remove remaining NMP. The filter paper and the residues were dried in a 
vacuum oven overnight at 80°C. The extract yields were determined by the weight 
loss due to extraction over the carbon content of the original sample, as shown in 
Table 5-3.  
sample original ofcontent  C
100%residue) ofweight -sample original of(weight   yield eextractabl % ×=            (5.1)     
It is noted from Table 5-3 that a large amount of material could be extracted from 
BF dust containing about 38 % (dry basis) of ferruginous material. It was observed 
that the extracted BF dust becomes blacker and the extract was somewhat reddish. 
This seemed to suggest that some Fe-containing material was washing off the 
original BF dust. The BS2 coal char1 (prepared at 700oC for 30 s) and feed coke 
gave very clean and transparent extracts, while extracts from the other samples were 
rather dark. 
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Figure 5-2 Raceway Core-drilling at tuyere level in the blast furnace 
 
Table 5-2 Experimental conditions of BS2 char preparation in the wire-mesh reactor 
Conditions of sample preparation 
Sample Peak temperature (PT)    Heating rate   Holding time at PT     Pressure 
                (°C)                                 (°C/s)                      (s)                  (bara) 
Average total 
volatile 
(%, daf*) 
Standard 
deviation 
Char1                 700                              1000                   30                 1.5 11.0 0.23 
Char2                 1500                            1000                    2                  3.0 18.5 0.85 
Char3                 2000                            1000                    0                  3.0 19.3 0.75 
*daf: dry ash free basis 
Table 5-3 NMP-Extractable yields of coal and dust samples 
Samples  Average Extractable yields (% w/w) Standard deviation 
 
Coal 
 
 
STR dust  
 
 
 
BF dust 
 
 
 
 
WMR Char 
 
Coke 
 
 
Core cokes 
 
S/B3 
BS2  
 
T1 
T2   
CY 
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BF (6h extraction) 
BF (re-extracted the 6h  
      extracted residue) 
 
BS2 coal char1 
 
Feed coke 
Frozen raceway coke 
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0.66 
- 
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- 
0.69 
 
0.42 
0.61 
0.92 
0.73 
0.65 
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5.2.3 Size Exclusion Chromatography      
A detailed description of the SEC system has been given in Section 4.2. Before 
injecting extract samples into the SEC system, all samples were passed through a 1 
µm inorganic membrane filter (Whatman Anotop) to screen out any big particles 
that would block the column. The SEC chromatograms of these samples show the 
distributions of their apparent molecular masses.  An attempt has been made to 
correlate the apparent molecular mass distribution of various samples to the 
conditions that the samples have experienced. 
 
5.3 Results and discussion 
5.3.1 Extraction results 
As shown in Table 5-3, no detectable amount of material could be extracted from 
the feed coke sample or the BS2 coal char1 sample prepared in the wire-mesh 
reactor (heating at 1000 oC s-1 to 700 oC, then held for 30 s). This is expected, since 
metallurgical coke has been treated in a high-temperature environment (in the coke 
batteries) for many hours; whilst the BS2 coal was held in the WMR for 30s at 700 
°C, a condition known to result in the maximum tar yield.180 As a check, the NMP 
used for extraction of feed coke and BS2 char-1 were run through the SEC; no peaks 
appeared in the chromatogram confirming the absence of extractable materials. 
However, extracts from the other two WMR chars (i.e. Char2 and Char3) prepared 
at higher peak temperature, but at near-zero hold-time at peak temperature, gave 
intense peaks in their SEC chromatograms, although their total volatile yields were 
greater. The following sequence of events is envisaged. The NMP extraction 
removes material in an unaltered form which is trapped within the macromolecular 
structure of the coal. The total volatile yield is determined by measuring the amount 
of material removed during the thermal breakdown of the coal structure under test 
conditions; peak temperature is the dominant effect here. As the temperature 
increases progressively, large coal molecules break down to small molecules, some 
of which may contribute to increasing the volatile yield. However, the amount of 
pyrolytic materials trapped in the complex coal/char matrix structure may also 
increase. It is these materials that are capable of being extracted out of the char 
matrix by NMP, as the “extractables”. However, the trapped materials rapidly 
 94
repolymerise to form inextractable char if exposed to temperatures of 700 °C or 
above for more than a few seconds.179 
The total absence of NMP extractables in the feed coke implies that any extractable 
carbonaceous material identified in the blast furnace top gas dust can only have 
originated from the injected coal.  However, under real furnace conditions, any coal 
char particles that survive to reach the top of the furnace must have spent several 
minutes in regions of the furnace where the temperature exceeds 700 °C. Thus the 
char component of blast-furnace dust would not be expected to carry extractable 
material. In conclusion, any NMP-extractable material present in the top gas dust is 
thought to arise from surviving tarry material, originally evolved from coal during 
passage of coal particles through the “raceways”, the hottest zones of the BF. 
In sharp contrast to the absence of extractable material in feed coke, the coke sample 
recovered from the frozen “raceway” was found to contain approximately 4 % of 
material extractable by NMP (Table 5-3). In addition, the set of core-drilled tuyere-
level cokes also gave a few percent of extractable materials, comparable to the 
above 4%. These observations would appear to reflect the deposition onto the cokes 
of tarry materials evolving from the injectant coal in the tuyeres and “raceway” 
zones. The sequence of extractable yields, in terms of the proportion of extracts over 
total carbon content of the original sample, for the core cokes was: “raceway” < the 
rear of “bird’s nest” < “deadman” < the front of “bird’s nest” < “bosh”. It is noted 
that coke in locations closer to the injectant coal combustion zone (“raceway”), i.e. 
the “bosh” and the front of the “bird’s nest” had higher extractable yields. It is 
important to note that “bosh” cokes, in the region immediately above the raceway, 
collapsed into the “raceway” pocket when the furnace is taken off-blast prior to 
core-drilling. The extractable yields from the three dust samples, collected from the 
“single tuyere” rig (STR) were comparable, following the sequence of T1 < T2 < 
CY. It was also noted that the extractable yield of CY dust is very close to that of 
S/B3 coal used as the injectant coal in the STR. 
Table 5-3 also shows that increasing the extraction time to 6h did not increase the 
extractable yield significantly compared to the 1.5 h extraction. However, about 5% 
(of C content) more extractable could be washed out when re-extracting the already 
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extracted BF dust with fresh NMP. It suggests that a large volume of NMP is needed 
in order to “completely” extract the sample. 
5.3.2 SEC chromatograms of extracts from the samples 
SEC chromatograms of coal 
Figure 5-3 and 5-4 show the chromatograms of extracts from BS2 coal and S/B3 
coal, respectively. Peaks are observed to fall into four regions for both: the peak 
centred at ~22 min mainly comprises lower molecular mass (MM) material, 
probably in the GC-MS range (up to 300-400 dalton or mass unit (u)). At 20 min, 
the polystyrene equivalent mass would be about 1,200 u. The peak at 13-14 min is 
located in the upper MM range and corresponds to a MM of about 2×106 u 
according to the polystyrene calibration curve. Since the exclusion limit of the 
Mixed-A column occurs at ca. 14 min, simply due to lack of commercially available 
polystyrene stand larger than 15.5×106 u, peaks eluting before 14 min fall out of the 
linear range of the column calibration curve. Materials under the 12 min peaks seem 
to have very large apparent molecule mass, in excess of 107 u, based on 
extrapolation of the polystyrene calibration curve. However, these very high values 
should be regarded only as indications, as they are based on the extrapolation of the 
linear polystyrene calibration curve.  
 
Clearly, the nature of these materials is not well defined. Even if these materials 
have linear structure of long C-chain as the polystyrene standards, their 
hydrodynamic structure in the NMP solution could be largely three dimensional, due 
to deforming (e.g. folding or twisting) of the C-chain. This tendency of deforming 
increases with the length of the C-chain. An increasing three-dimensional 
hydrodynamic structure might lead to different behavior in terms of size exclusion in 
the column. Another possibility is that these materials are actually of three 
dimensional structures. An alternative, three-dimensional, calibration for SEC has 
been made using soot, colloidal silicas and fullerene as standards; here a sphere with 
diameter of 10 nm would elute at about 12 min.175  It is therefore possible that the 
early eluting components from BS2 coal may be either of long linear chain 
structures or three-dimensional (molecules or particles) with undetermined mass, 
which are unable to penetrate the column porosity because of their shapes in the 
NMP solution. 
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Figure 5-3 SEC chromatogram of NMP extract from BS2 coal 
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Figure 5-4  SEC chromatogram of NMP extract from S/B3 coal 
 
It is noted that the relative proportion of large to small molecules of the two coal 
samples are apparently different. S/B coal, possessing greater volatile matter than 
BS2 coal, has more apparently-large molecules in its NMP extract. 
 
SEC chromatograms of tars and the NMP-extracts from the WMR chars  
The WMR chars provide important information of effect of heat-treatment on the 
extractability of coal chars. The reactor design specifically limits the secondary 
 97
reactions of freshly evolved primary tars by continuously sweeping cold gas 
(Helium) through the mesh, taking these tars away from the hot zone. When BS2 
coal was heated at 1000 K/s from room temperature to 700oC and held for 30 s at 
atmospheric pressure, the maximum amount of tar was released from the coal, as 
indicated by Cai, et al.180 This is believed to correspond to complete tar release. At 
higher temperatures and for longer residence time, some of the primary tar will 
crack, resulting in a decrease in tar yield. As mentioned in 5.3.1, no signal was 
observed in the chromatogram of the NMP extract from the 700oC-30 s char, 
confirming its inextractability in NMP. Figure 5-5 shows the chromatogram of the 
associated tar, which is thought to most closely resemble the primary tar evolved.  
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Figure 5-5 SEC chromatogram of BS2 tar prepared in the wire mesh reactor (700oC, 30s) 
 
It is seen in Figure 5-5 that the chromatogram is dominated by the low molecular 
mass peak starting from ca. 19 min to ca. 26 min. Another peak with much lower 
intensity spans between ca.13 min to ca. 16 min. This pattern suggests that the 
“primary” tar mainly comprises low molecular mass materials.  
 
The WMR chars produced at elevated temperatures are of more interest since, in the 
actual furnaces, the gas temperature increases from 1500oC at the outlet of tuyeres to 
about 2000oC or even higher in the “raceways”. Figure 5-6 and 5-7 show the 
chromatograms of NMP extracts from two BS2 chars, one prepared at 1500oC with 
2 s residence time and the other at 2000oC with 0 s residence time in the atmospheric 
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wire mesh reactor. Peaks of the two samples fall in two regions: retained peaks from 
ca. 22 min to ca. 25min, and excluded peaks from ca. 13min to ca. 18 min. 
Compared with the chromatogram of BS2 tar1 (700oC-30 s), the retained peaks shift 
to longer elution time, indicating smaller molecular masses of the extracts from the 
chars. The ratio of retained peaks to excluded peaks also changes: the excluded 
peaks are more intense than the retained peaks for these chars; the inverse situation 
for BS2 tar1. 
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Figure 5-6 SEC chromatogram of NMP extract from BS2 char2 (1500oC, 2s) 
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Figure 5-7 SEC chromatogram of NMP extract from BS2 char3 (2000oC, 0s) 
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If Figure 5-3, 5-5, 5-6 and 5-7 are taken together for consideration, the following 
process of pyrolysis can be envisaged. As the temperature increases beyond 400oC, 
tars start to evolve notably from coal particles. These tars largely consist of low 
molecular mass materials eluting between ca. 20 min and ca. 25 min during SEC. 
Large coal molecules also decompose thermally into smaller molecules as the 
temperature increases. Part of these large coal molecules evolves out of the particles 
as tars; whilst another part is trapped into bigger macromolecules which eventually 
resolidify during the formation of char. If the pyrolysis lasts long enough to achieve 
a small temperature gradient across the coal particle, this resolidification would be 
expected to proceed to a high extent, so that the resultant char particle would contain 
little NMP extractable material, irrespective of the pyrolysis temperature. 
Furthermore, decomposition of big coal molecules seems to be particularly rapid at 
elevated temperatures, as indicated by the absence of peaks eluting before 13 min in 
the chromatograms of the 1500oC (2 s hold) and 2000oC  (0 s hold) chars. This 
finding is also reinforced by comparing the ratios of retained peak to excluded peaks 
at different absorption wavelengths, because larger polycyclic aromatic (PCA) 
groups absorb more intensely at longer wavelength. The ratios in Figure 5-7 drop 
more dramatically as wavelength increases from 300 nm to 450 nm, compared with 
those in Figure 5-6, suggesting that the 2000oC char has less of NMP-extactable 
large PCA groups than the 1500oC char. The clear signals in the chromatograms of 
the BS2 char2 and char3 samples indicate that devolatilization of these two chars 
was not completed due to short exposure times to high temperature in the wire-mesh 
reactor.  
 
It is important to note that the residence time of injectant coal in the “raceway” and 
the front of “bird’s nest” region is also very short, typically 25-30 ms in an actual 
working blast furnace. Therefore, it is very likely that complete devolatilization of 
injectant coal can not be achieved during the rapid journey from the tuyere to the 
rear of the “raceway”. Hence appreciable extractable material can be found in the 
core cokes recovered from these regions of the furnace. 
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Figure 5-8  Extent of combustion of coal at different peak temperatures in high-pressure  
wire mesh reactor (3% O2 in the purge gas, 105 ms residence time in the mesh, under 3 
bara)2  
 
Parallel experiments have been carried out, using the high-pressure version of the 
wire-mesh reactor, to simulate the actual combustion conditions experienced by 
injectant coal particles during their passage through the tuyere and the raceway.2 
Extents of combustion observed under these simulated conditions are surprisingly 
low, being always less that 5% (daf)2 (Figure 5-8). In these experiments, conducted 
at 3 bara, coal particles, held within the folded wire meshes, were heated to the peak 
temperature under a nitrogen gas sweep. As the peak temperature was reached, the 
sweep gas flow was switched to one containing 3% O2. The choice of 3% oxygen 
was dictated by the susceptibility of the molybdenum mesh used to excessive 
oxidation.181  However, although coal is injected into a hot air blast enriched with 
oxygen (total 24% O2, typically), the actual oxygen concentration an individual 
particle might see, at the centre of the plume of freshly released volatile, is 
undoubtedly very much less than 24%. Furthermore, the oxygen concentration has 
been found to drop to nearly zero at the centre of the “raceway”.1 After just 105 ms, 
the sweep gas flow was changed back to nitrogen. The average extent of extra 
weight loss, directly attributable to combustion, observed on top of the normal 
pyrolysis volatile loss, was less than 5 %, even at 1600°C. It should be noted that the 
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coal residence time in a real blast furnace tuyere and raceway is even shorter, 
normally about 25 ms. These experiments provide solid evidence that conditions 
inside the tuyere and the raceway do not favour the complete combustion, or even 
complete pyrolysis, of all the injectant coal. 
 
SEC chromatograms of blast furnace samples 
Having investigated the coal samples and wire mesh reactor chars, the next step is to 
look at the samples taken from working blast furnaces. First to be studied were the 
three top gas dusts taken from a blast furnace employing BS2 coal as the injectant 
coal.  Figure 5-9 shows the area-normalized chromatograms of NMP extracts from 
the three dusts with absorption at 300 nm. Unfortunately the detailed information 
associated with these samples is not available. Nevertheless, the chromatographic 
patterns of the three samples are quite similar if the shift of peak positions is 
neglected. Top dusts are mixtures of carbonaceous materials, i.e. char, coke and 
extractable carbons, together with ferruginous materials, fluxes and refractory lining 
fragments. Feed coke, as discussed above, does not give off extractable materials. 
The char component, which has been carried upward by the hot gas from the bottom 
of the blast furnace, would have spent at least tens of seconds in the furnace before it 
reached the top exit. This extended exposure to high temperatures should lead to 
complete tar release, thus making the char unextractable in NMP. Hence the 
observed extracts from the top dusts, also detectable by SEC, are likely to be derived 
from tars released from the injectant coal. 
 
When comparing Figure 5-9 with Figure 5-5, it is noted that the peak positions of 
top dust extracts are shifted to a shorter elution time than that of the “primary” tar. 
Moreover, the intensity ratio of the excluded peak to the retained peak for the top 
dusts increases enormously as well. This difference in molecular mass distribution 
between “primary” tar and the tar-derived extracts seem to suggest a change in 
molecular conformation, which will be discussed in some detail in Chapter 6. 
Secondly, a set of core-drilled tuyere level cokes were studied. The analysis of core 
drilled coke samples is of particular interest, given the radial variation in 
temperature, coke bed porosity and coke residence time across the furnace cross-
section, from the “bosh” to the “deadman” region.178 The peak-normalized 
chromatograms of NMP extracts from the set of core-drilled coke samples are 
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shown in Figure 5-10. Only the 300 nm lines have been shown to make the diagram 
easy to follow. 
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Figure 5-9 Normalized chromatograms of NMP extracts from three blast furnace top dusts 
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Figure 5-10 Normalized chromatograms of NMP extracts from core-drilled coke samples 
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The SEC chromatograms of extracts of the coke samples taken from the “raceway”, 
and in front of the “bird’s nest” are similar, showing two low intensity peaks centred 
at ~15min and ~23 min, respectively. By contrast, chromatograms of the “bosh” 
coke extracts and those from the rear of the “bird’s nest” and the “deadman” coke 
have similar patterns, dominated by an excluded peak at ~12 min and a small peak 
in the retained region, centred at ~23 min. The ~12 min excluded peak is very 
intense, with the forward edge at 11min and the tails extending until 17 min 
 
According to the calibration of the column used175, peaks centred at ~23 min 
comprise material with molecular masses around 300-400 u. The 15 min peaks 
represent apparent molecular masses of ~106 mass units. Peaks at ~12 min, however, 
fall outside the linear range of the polystyrene calibration curve. Here an apparent 
molecular mass in excess of 107 mass units would be estimated by extrapolation of 
the polystyrene calibration curve. It is important to note that these 12-minute peaks 
elute before the exclusion limit of the column and before the largest available 
polystyrene standard (15.5×106 u). The nature of these materials is not well 
understood and it is difficult to assign actual molecular masses to them.  
 
It is possible that the early eluting materials may be three-dimensional molecules (or 
fine particles) of undetermined mass which are unable to penetrate the column 
porosity because of their shape, according to an alternative calibration using soot, 
colloidal silicaas and fullerenes as standards.175 In a previous study of soot, Apicella 
et al.182 found that the fraction of ethylene flame soot insoluble in dichloromethane 
eluted as a sharp single peak centred at ~11 min on the same Mixed-A column. A 
candle soot has been prepared as part of the present study in order to verify this 
observation; a peak at around 11 minutes was again observed in its chromatogram 
(Figure 5-11). 
Primary soot particles from fuel-rich combustion systems have been examined in 
several other studies. 183 , 184 , 185 , 186 , 187 , 188 , 189 , 190  Evidence from other analytical 
techniques applied to soot formation in flames indicate that diameters of primary 
soot particles range from 20 to 60 nm.182,183,184,185  
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Soot of diameter about 40-50 nm has been detected in the dust from blast furnace 
operation where coal injection was used.189 Soot particles from ethylene combustion 
were reported to have diameters of about 60 nm186, of similar size to those of the 
other flames, while sizes of primary soot particles from diesel engines range 
between 18 and 33 nm.187 Apicella et al.188 have confirmed these observations on a 
soot sample, examining fractions of the soot passed or stopped by a 20 nm filter. 
The >20 nm fraction of soot were excluded from the column porosity as in 
observations described above. It seems reasonable to propose that the sizes of 
carbon (denoted as “soot-like” material) observed under the earliest eluting peak of 
NMP extracts from the “bosh” coke, the rear of the “bird’s nest” and the “deadman” 
coke corresponds closely to that of soot reported in the above studies . 
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Figure 5-11 SEC chromatogram of NMP extact from a candle soot 
The absence of “soot-like” material in the “raceway” coke and the coke from the 
front of the “bird’s nest” is probably due to two factors:  the extremely high 
temperatures in these regions and very high gas velocity. High temperature would 
favour high extent of coal conversion, i.e. pyrolysis, combustion and gasification. 
However, high velocity gas would provide rather short residence time for coal 
particles in these hottest regions. Consequently, injectant coal is unlikely to be 
completely combusted, or even completely pyrolyzed in the raceway. Residual 
coal/char particles may thus escape from these hottest regions and continue releasing 
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volatiles (including tars) in lower temperature regions. Part of the tars appears to be 
thermally altered into “soot-like” material, under the oxygen-deficient conditions in 
the coke bed. The presence of 4% NMP extractables in a coke sample recovered 
from the “raceway” of another furnace, deliberately quenched in liquid nitrogen at 
the end of its operating campaign, seems to reflect the fall of material from the 
“bosh” into the collapsed “raceway” region. 
 
The likely fate of coal particles injected into a blast furnace can be proposed as 
follows. Coal particles are injected into the blowpipe immediately upstream of the 
tuyere, giving rise to the virtually instantaneous release of a plume of volatiles 
constrained within the blowpipe. This particle-laden plume then accelerates through 
the tuyere into the furnace, reaching velocities perhaps half that of the local velocity 
of sound. Meanwhile, particles on the periphery of the plume pyrolyse and combust 
first. Volatiles released by these particles are more likely to consume the oxygen in 
the blast air preferentially, thereby depriving particles within the plume of the 
oxygen necessary for combustion. Gas concentration measurements on a working 
furnace indicate that the oxygen concentration drops to zero close to the tuyere 
nose.1 Surviving coal char particles cross the “raceway” normally in less than 30 
ms.24 They may be recycled within the “raceway”, become embedded within the 
adjacent coke mass, or pass towards the upper regions of the furnace where the 
temperature drops progressively. Due to the short times involved, the particles 
passing into and out of the “raceway” may still be able to release some volatiles. The, 
nearly oxygen-free and fuel-rich atmosphere represents an ideal soot-forming 
environment for tar components in the mixture. Re-polymerisation and de-
hydrogenation reactions would be expected to take place, leading to the formation of 
very high molecular mass materials, alongside cracking reactions that serve to break 
up most of the tars. 
 
Comparing the SEC chromatograms of the core-drilled coke extracts thus provides 
clues about how the injectant coal is consumed at tuyere level in the blast furnace. In 
cases of high injection rates, where substantial increases in the level of dust emission 
and reduction in the permeability of the coke bed have been observed36, the “soot-
like” material (under the ~12 min peak) would be expected to be present in regions 
closer to the combustion zone which might change with various operating conditions. 
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Therefore, studying NMP extracts of core-drilled cokes by SEC can assist in 
understanding how the structure of the coke bed changes at tuyere level, and provide 
a valuable input into the maintenance of stable furnace operating conditions. In 
particular, the SEC technique offers a means of detecting excessive build up of 
pyrolysis tars and soot, resulting from incomplete consumption of the injectant coal, 
in the periphery of the raceway, which is deleterious to furnace productivity. 
 
SEC chromatograms of “single tuyere” rig dust samples 
Study of “single tuyere” rig (STR) dusts offers an intermediate position between 
studying WMR chars and samples from working blast furnaces, where the presence 
of iron, fluxes, etc. complicates the sample analysis. Dust samples taken from the 
STR, operated by Corus UK Ltd., offer the opportunity to look at coal injection into 
a hot coke stack in the absence of iron and fluxes. 
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
 
 
N
or
m
al
iz
ed
 In
te
nt
si
ty
Time (min)
 T1
 T2
 CY
 
Figure 5-12  Area-Normalized SEC chromatograms of NMP extracts from “single tuyere” rig 
 
The chromatograms of the NMP extracts from T1, T2, and CY dusts are shown in 
Figure 5-12. Signals of the samples are much weaker than those of the samples 
discussed above. The “soot-like” material peak (centred at ca. 12 min) is observed in 
the chromatograms of T2 and CY extracts, whereas this peak is absent in that of T1 
extract. The disparity might be attributed to sampling positions. T1 and T2 were 
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collected from conditioning towers 1 and 2, respectively. Conditioning tower 1 
condensed dusts in the offtake gas that has passed through the “raceway” and its 
vicinity. Intense recycling of chars in the turbulent gas is expected to have occurred 
in this region; this is indicated by 78.5% char present in the dust collected. The other 
conditioning tower recovered dusts in the offtake gas from the opposite side to the 
tuyere, which have permeated through the coke bed. As a result, dusts collected in 
tower 1 are more representative of the “raceway” condition, whereas dusts collected 
in tower 2 has experienced the condition more similar to that in the “deadman”. This 
hypothesis is supported by the observation that the SEC chromatogram of T1 dust 
NMP extract resembles those of the extracts from “raceway” coke and coke in the 
front of “bird’s nest”; whereas the SEC chromatograms of T2 NMP extract is more 
similar to those of extracts from cokes in the rigid coke bed, i.e. “bosh”, the rear of 
“bird’s nest” and “deadman”. Therefore, study of the single tuyere rig dusts, where 
only coke and injectant coal have been employed, reveals the same tendencies 
observed for core-drilled cokes taken from a working blast furnace.  
 
The final analysis was made on CY dust comprising mainly char (see Table 5-1). 
This dust was collected from the cyclone where the residue dust, remaining in the 
exhaust gases from the two conditioning towers, were recovered. CY dust is found 
to show the most intense signal of the three dusts. This observation supports the 
view that complete tar release from injectant coal is unlikely to be achieved in the 
short exposure to high temperature available at tuyere level. The appreciable “soot-
like” material present in the char (CY) suggests clear that tars, released from 
injectant coal, have undergone secondary reactions to generate products of large 
apparent molecular mass. The potential formation mechanism of the “soot-like” 
materal will be discussed in Chapter 6. 
 
5.4. Conclusions 
In this chapter, a study on the fate of injectant coal in blast furnaces have been made 
using Size Exclusion Chromatography. The main conclusion is that the coal particles 
are not able to be completely consumed during their journey from the tuyere nose to 
the “raceway”; coal particles continue releasing tars in other regions of the BF 
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where temperatures are significantly lower. The study has been carried out in the 
following three steps. 
 
First, two raw coals plus a set of chars, prepared from one of the two coals in a wire 
mesh reactor, were investigated. NMP extracts of the two coals show a similar 
pattern of molecular mass distribution despite having different proportions of large 
to small molecules. Tar produced in the WMR operated with a heating rate 1000 K/s 
to 700oC, 30 s hold-time under atmospheric pressure, is considered to resemble the 
“primary” tar. This tar comprises mainly low molecular mass materials in the GC-
MS detectable regions, with a rather low fraction of excluded materials of molecular 
mass in excess of 106 u. The short exposure time to high temperatures, even up to 
2000oC in the present work, is believed to restrain complete pyrolysis and 
combustion of injectant coal in the “raceway”. 
Next, samples taken from working blast furnaces were studied. Top dusts, which 
were mixtures of feed coke fines, char, iron and other non-carbonaceous materials, 
gave NMP extracts which had similar chromatographic patterns. Considering the 
length of time necessary for char to reach the furnace top, as well as the 
unextractability of feed coke in NMP, it is likely that these extracts must derive from 
tars evolved from the injectant coal. The difference in the chromatographic pattern 
between the WMR “primary” tar and top dust extracts suggests that tar released from 
injectant coal particles would have encountered change in its molecular 
conformation within BFs. Core-drilled samples recovered from an operating furnace 
at the tuyere level, were also found to contain NMP extractable materials. Similarly, 
the absence of such NMP-extractable material in the fresh feed coke suggests that 
the extracts from core-drilled cokes must be derived from the injectant coal. A 
fraction of the extracts from cokes extracted from lower temperature regions is of 
very high apparent molecular mass (in excess of 107 u), and is considered to be soot-
like. The observance of the “soot-like” material surviving average temperature of 
1500oC in the “bosh” and “deadman” regions suggests that these species are 
chemically stable.  
 
The final step was to consider the coal plus coke only scenario by characterizing 
three dusts recovered from the Corus “single tuyere” rig. Incomplete pyrolysis of 
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injectant coal was once again observed as the CY dust, consisting mainly of char, 
contains “soot-like” materials. The different chromatographic patterns of T1 and T2 
extracts support the argument that the time-temperature history of the coal 
particles/volatiles inside the blast furnace is paramount for formation of soot-like 
materials from the injectant coal tar. 
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Chapter 6.  Formation Mechanism of 
“Soot-like” Materials 
6.1 Introduction 
Soot is commonly observed in many practical combustion systems ranging from a 
burning candle to sophisticated combustors such as gas turbines and internal 
combustion engines. Based on the experiments conducted on simple hydrocarbon 
flames, such as diffusion and premixed flames, it is found that soot is usually formed 
when conditions are sufficiently fuel rich to allow condensation or polymerization 
reactions of the fuel (and its initial decomposition products) to compete with 
oxidation. 191  Soot in hydrocarbon flames usually exists in the form of both 
individual particles and agglomerates comprising between several and thousands of 
primary particles. 
 
As discussed in the last chapter, the “soot-like” material, present in “bosh” coke, 
coke in the rear of “bird’s nest” and “deadman” coke, has also been found to form 
under fuel rich, oxygen deficient conditions. Its formation mechanism is further 
discussed in this chapter.  
6.2 Experimental 
Two partially gasified char samples (designated as CGR179 and CGR181) were 
prepared from an injectant coal (designated as EC2386, see Table 6-1 for its 
elemental analysis) in the Coal Gasification Rig (CGR) at the Teesside Technology 
Centre of Corus (UK). CGR179 was prepared by gasifying EC2386 coal at 1700oC 
in air, whereas CGR181 was produced from EC2386 gasified at 1700oC in oxygen-
enriched air (30% oxygen). Both the air and oxygen-enriched air were preheated to 
1098oC. The gasification yields under these two conditions, provided by Corus Ltd., 
are given in Table 6-2. EC2386 coal was also pyrolyzed in the WMR at 1.0 bara with 
a heating rate 1000 K/s to a peak temperature of 1700oC and held for 0 s to prepare 
tars and char under conditions with minimal secondary reactions. The total volatile 
yield from the WMR experiment is also given in Table 6-2. 
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Table 6-1 Elemental and proximate analyses of EC2386 ocal 
Coal Ash 
(db%) 
Volatile Matter 
(db%) 
C 
(db%)
H 
(db%)
N 
(db%)
S 
(db%) 
O 
(db%) 
EC2386 7.9 13.9 83.7 3.73 1.49 0.34 2.5 
 
Table 6-2 The pyrolysis and oxidation yields of char samples prepared in CGR and WMR 
Char 
Total gasified 
(%db) 
Pyrolysis yield 
(%db) 
Oxidation yield 
(%db) 
Residence time 
(ms) 
O/C ratio 
Oxygen level 
(%) 
CGR179 27 8 19 27 6.4 20.9 
CGR181 36 10 26 27 9.2 30 
WMR Char 34.7 34.7▲ 0 0▲▲ 0 0 
▲Averaged data for the WMR char; the standard deviation is 0.62  
▲▲the hold time at peak temperature (1700oC) was 0 s, the heating-up lasted for ca. 1.7 s  
 
The EC2386 WMR char is considered to be “clean”, i.e. nearly free from the 
deposition of secondary reacted tars, compared to the two CGR chars. This is 
because the primary tars evolved during pyrolysis were immediately swept away by 
the purging He from the hot zone into the tar trap cooled by liquid nitrogen. In 
contrast, the two CGR chars are likely to retain some secondary reacted tars due to 
the fact that the developing char particles were surrounded by a plume of primary 
tars at high temperatures in the rig. Primary tars, consisting of many polycyclic 
aromatic hydrocarbons (PAH), were very likely to have undergone secondary 
reactions at high temperatures. In the presence of oxygen, part of the secondary 
products was converted into CO, CO2 and H2O. Nevertheless, deposition of some 
secondary products onto the char particles was expected to occur. 
6.3 Results and discussion 
6.3.1 Apparent molecular mass distribution of NMP extracts from the 
partially gasified chars 
The chars and EC2386 coal were extracted by 1-methyl-2-pyrrolidinone (NMP) for 
1.5 h in an ultrasonic bath. The solid to solvent ratio was 1g/600 mL. The reason for 
choosing this ratio was that only a very small amount of material could be further 
extracted out after the first extraction at this ratio, as indicated by almost transparent 
NMP solution after the second extraction. The extraction yields, shown in Table 6-3, 
were determined as the percentage weight loss of extraction over the carbon content 
of the original samples. 
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The NMP extracts of EC2386 coal and its chars were tested using the Size Exclusion 
Chromatography with a Mixed-A column. Their area-normalized chromatograms 
are shown in Figure 6-1, where the chromatograms of the NMP extract from Core1 
coke and the WMR tar are also given for comparison. Only the 350 nm UV 
absorption lines are shown for the purpose of clarity. 
Table 6-3 Extraction yields of EC2386 coal and its chars 
Sample Average extraction yield (wt% carbon content) Standard Deviation
EC2386 coal 33.7 0.41 
CGR179 18.9 0.78 
CGR181  17.6 0.82 
WMR char 1.3 0.36 
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Figure 6-1 Area-normalized chromatograms of NMP extracts from EC2386 coal and its 
chars, WMR tar and Core1 coke (absorption at 350 nm) 
 
The chromatograms of the two CGR char extracts are similar to that of the “bosh” 
coke (Core1) extract, with a dominant peak centered at ca. 12 min and starting from 
11 min, and a relatively weak peak falling between 20 min and 24 min. The later 
peaks mainly comprise lower molecular mass material, probably in the CG-MS 
range (up to 300-400 u). At 20 min, the polystyrene equivalent mass is about 1200 u. 
Since the exclusion limit of the Mixed-A column occurs at ca. 14 min, peaks 
centered at ca. 12 min fall out of the linear range of the column calibration curve. 
 113
Materials under the peaks are believed to have either very large molecular masses, in 
excess of 107 u based on the extrapolation of the polystyrene calibration curve, or 
three dimensional structures.  The 12 min-centered peaks are also noted to be 
asymmetric, with the right tail extended to nearly 16 min. This suggests that the 
peak represents a broad distribution of molecular mass. 
 
The chromatogram of the EC2386 coal extract consists of four peaks: a very low 
intensity peak spanning between 12 and 13 min, two peaks at between 13 to 16 min 
and a broad and intense peak centered at ca. 22 min. The chromatogram of the 
WMR char extract is very noisy because of the very low concentration of the extract. 
Nevertheless, peaks centered at ca. 16 min and 23 min are clearly observed. The 
chromatogram of the WMR tar consists of two peaks, one centered at ca. 23 min and 
the other centered at ca. 14.5 min.  
 
Thus a clear change in the apparent molecular mass distribution of extractable 
materials is observed between EC2386 coal, its pyrolyzed WMR tars and char, and 
its partially gasified CGR chars. The observation that only relatively low molecular 
mass materials could be washed out of the WMR char is considered to be due to the 
lack of deposition of secondary tars. In addition, “primary” WRM tars do not elute 
out of the SEC column before 13 min, with a considerable fraction retained by the 
column (see Figure 6-1). Therefore, the material, in the CGR char extracts, under the 
ca. 12 min peak is unlikely to have come from the char, but is more likely to be 
derived from primary tars that had undergone secondary reactions. Furthermore, the 
dramatic decrease in the intensity of the light materials peak (i.e. retained peak 
centered at ca. 22 min) for the CGR chars indicates the destruction of primary tars 
(proximate as the WMR tars) during the gasification of chars in the CGR rig. A 
slight shift into shorter elution time of this retained peak, comparing the 
chromatograms of the CGR char extracts to that of the WMR tars, also implies 
elimination of very light materials. 
 
It is worthwhile to compare the two CGR chars derived from the same EC2386 coal 
in some detail. The gasification conditions for preparing the two chars were nearly 
the same except that the CGR181 char has seen a higher level of oxygen. As a result, 
both its pyrolysis yield and oxidation yield are higher (see Table 6-2). It is 
 114
interesting to note in the SEC chromatogram of the NMP extract from CGR 181 
char that the intensity ratio of the ca.12 min peak to the retained peak centered at ca. 
22 min is lower than for the CGR 179 char extract. This difference implies that in a 
more soot-prone environment “primary” tars would crack, to a higher extent, into 
light materials; a portion of “primary” tars would be thermally altered, probably by a 
succession of de-hydrogenation and repolymerization reations, into very high 
molecular mass materials in the meantime. This trend is also apparent for the “bosh” 
coke that is considered to represent the extreme case of the most soot-prone 
environment. For the “bosh” coke sample, the retained peak shifts to longer elution 
time, suggesting that it contains even lighter materials than the two CGR chars. 
 
Secondary reactions of tars from primary pyrolysis have been widely reported. 
Doolan et al.192 used quartz tubular reactors to study secondary cracking of the tar 
vapors generated in a fluidized bed pyrolyzer. Substantial cracking was found to 
occur beyond a certain temperature, 870 K in their case. No CO2 was produced from 
the cracking of the tar. Gases, predominantly alkenes and smaller yields of benzene 
and methane, plus a liquid product defined as secondary tars, and a solid product 
believed to be soot, were observed in these experiments. Freihaut et al.193 also found 
significant quantities of secondary decomposition product gases (HCN, acetylene, 
CO) in their study of secondary cracking of tar released from a bituminous coal in a 
flash lamp reactor.  
 
Nenniger et al.194 studied the sooting potential of several coals by separating aerosol 
from char particles after the pyrolysis of the coals in argon in a laminar flow furnace. 
The aerosol was believed to consist of extractable tar, soot and condensed ash. As 
the pyrolysis temperature was raised, they found that the soot yield increased but the 
tar yield decreased. However, the sum of soot plus tar remained approximately 
constant despite the increasing severity of pyrolysis. At the highest temperature 
tested (2200 K), about 20% by weight of a dry high-volatile bituminous coal was 
converted to soot. 
 
Wornat et al. 195  also reported that about 20% by weight of a high volatile 
bituminous coal was converted to soot at high temperatures and long residence times. 
In addition, the sum of polycyclic aromatic compounds (PAC) recovered and soot 
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yields was relatively constant (supporting the findings of Nenniger et al.194), 
suggesting that PAC served as precursor to soot. They also investigated changes in 
the composition of these PACs and found that a loss in compositional complexity 
was observed as the severity of secondary reactions increased, implying the selective 
survival of a group of more stable species. They further pointed out that compounds 
with more complex attachments were more reactive than those with simple or no 
attachments. 
 
Chen and coworkers 196  performed coal pyrolysis experiments in argon in an 
inductively-heated radiant drop-tube furnace. They also reported that the yields of 
tar/oil plus soot in the secondary pyrolysis experiments were constant and were 
almost equal to the tar-plus-oil yields obtained at the longest residence time in 
primary pyrolysis experiments. For a high-volatile bituminous coal at higher 
temperatures, more than 25% of the coal mass (daf) was converted to soot. For the 
gas-phase products, C3 hydrocarbons and ethane decreased monotonically with 
temperature, while methane and ethylene reached a maximum and then dropped. 
Acetylene increased dramatically during soot formation and growth. 
 
It can be seen that secondary reactions of coal tars are closely associated with the 
formation of “soot-like” materials detectable by SEC. Tars, evolving upon rapid 
heating of coal, are unlikely to burn as rapidly as small molecular mass species. 
Consequently, the often held view that soot formation, in industrial scale 
combustion/gasification processes, originates from the recombination of small 
molecules is questionable in the case of coal combustion. The propensity for direct 
dehydrogenation of tars to eventually form soot appears probable. In fact, the 
explosive ejection of tars and tar precursors from pyrolyzing coal particles is well-
known to produce cenospheres and trails of rapidly ejected tar73, 197 , 198 , 199 ; tar 
molecules have been shown to form soot directly on secondary pyrolysis200. 
 
It is noteworthy that the approximately constant sum of soot plus tar reported by 
other researchers194,195,196 is consistent with the current finding of an increase in 
intensity of the c.a. 12min peak being accompanied by a decrease in intensity of the 
retained peak centered at c.a. 22min. A further understanding of this requires that 
changes in the molecular structure be considered, as primary tars undergo secondary 
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reactions. UV-fluorescence spectroscopy and FT-IR spectroscopy have been used 
here to investigate the changes occurring. 
6.3.2 Change in Molecular structure of partially gasified chars 
6.3.2.1  UV-fluorescence spectroscopy of low molecular mass fractions 
Observation of differences between UV-fluorescence spectra allows qualitative 
structural comparisons to be made between complex coal-derived materials. UV-
fluorescence spectroscopy, as applied to coal pyrolysis tars, has been briefly 
introduced in Chapter 3, and detailed elsewhere98. Synchronous spectra has proven 
to give the clearest indication of the complexity of the type of samples studied here, 
with each type of aromatic system capable of fluorescence showing up as a separate 
line. In contrast, the emission and excitation spectra are normally fairly complex, 
even for a pure aromatic system, and therefore, for the currently studied samples, 
these spectra do not differ much from each other, giving little indication of structural 
differences. 
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Figure 6-2 Height-normalized synchronous spectra of NMP extracts from CGR chars, the 
WMR char and tar, EC2386 coal and “bosh” coke (Core1) 
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Figure 6-2 shows the height-normalized UV-F synchronous spectra of NMP extracts 
from CGR chars, the WMR char and tar, the EC2386 coal and the “bosh” coke, 
respectively. The peak at ca. 290 nm corresponds to the NMP solvent. The 
fluorescence signal for the extract from the WMR char is very weak and dominated 
by the NMP signal. This is expected, considering the very low concentration of the 
extract solution. Moreover, signal intensity in the region > 450 nm is very low, 
suggesting that only a small amount of larger aromatic clusters present. The result 
appears consistent with the apparent molecular mass distribution of the sample 
indicated by SEC.  
 
The extract from the “bosh” coke shows a strong signal only at the shorter 
wavelengths with a very weak signal in the region > 450 nm. The strongest peak is 
not the NMP signal, but a signal at about 310 nm from the actual sample. Although 
the presence of substantial “soot-like” material in the extract, it is surprising that this 
extract does not give strong fluorescence signals. Actually, it has been established in 
our previous work99 that the excluded material on the SEC column has no significant 
fluorescence; and, in general terms, molecules of mass greater than about 3000 u 
tend to have little or no fluorescence. Therefore, the observed fluorescence signal of 
the “bosh” coke extract is from the low molecular mass material with relatively 
small aromatic clusters, and not from the “soot-like” material. 
 
It is interesting to note that the maximum of the fluorescence intensity shifted to 
longer wavelengths in the following sequence: the WMR tar < EC2386 coal extract 
< CGR181 extract < CGR179 extract. This shifting clearly indicates that the 
concentration of larger aromatic clusters increases in the same sequence. Since the 
extractable materials in the CGR chars are believed to derive from thermally-altered 
“primary” tars (proximate by the WMR tars), the thermal alteration appears to make 
the tar more aromatic, i.e. with higher concentration of larger aromatic clusters. 
Furthermore, CGR 179 char, formed in a more soot-prone environment, contained 
NMP extractable materials that are more aromatic than CGR 181 char.  
 
Since only a certain portion of the whole extracts studied here, e.g. materials under 
the retained peak on SEC, gives significant UV-fluorescence signals, it is necessary 
to know the upper limit of the UV-F detectable mass range of these samples. 
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Therefore, three fractions eluting from the SEC column at intervals of 11-13 min 
(designated as fraction 1), 13-16 min (designated as fraction 2), and 20-25 min 
(designated as fraction 3), were collected for analysis by UV-fluorescence, 
respectively.  
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Figure 6-3 Height-normalized UV-fluorescence spectra of the 20-25 min fraction of NMP 
extracts from the CGR chars, the WMR char and tar and the EC2386 coal 
 
Figure 6-3 shows the peak-normalized UV-fluorescence spectra of 20-25 min 
fractions (Fraction 3) of the NMP extracts from the EC2386 coal, the CGR char, the 
WMR char and tars, respectively. The fluorescence spectrum of the WMR char 
extract is still dominated by the NMP signal with peaks in the shorter wavelength 
region, suggesting that only small aromatic clusters are present in the WMR char 
extract.  For the other four samples, the shifting of the intensity maximum to longer 
wavelengths, implying increasing concentration of larger aromatic clusters, is also 
found to follow the same sequence: the WMR tar < EC2386 coal extract < CGR181 
extract < CGR179 extract, as for the whole extracts. Since this 20-25 min fraction is 
of relatively low molecular mass, this shifting suggests that the change in molecular 
structures, upon secondary reactions of primary tars, occurs not only in the higher 
mass regions as shown by SEC in Figure 6-1, but also in the lower mass region.   
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Figure 6-4 Height-normalized UV-fluorescen spectra of the 13-16 min fraction of NMP 
igure 6-4 shows the height-normalized UV-fluorescence spectra of the 13-16 min 
ce 
extracts from the CGR chars, the WMR tar and the EC2386 coal 
 
F
fractions (Fraction 2) of NMP extracts from the EC2386 coal, the CGR chars, the 
WMR tars, respectively. The signal intensities for all the samples are quite weak as 
the NMP signal dominates the spectra of all four samples. Clearly, it is likely that 
there is a portion of this fraction giving no fluorescence. Three peaks, centered at 
370 nm, 420 nm, and 530 nm respectively, can be observed for the WMR tar sample. 
This suggested that the 13-16 min fraction WMR tar may mainly consist of 
molecules with three main different structures.  The fraction of EC2386 coal extract 
has the weakest signal among all the samples. Although the absolute concentrations 
of the different samples were not kept exactly the same, they were comparable as a 
result of successive dilution with NMP. Therefore, the weakest fluorescence signal 
of the EC2386 coal fraction is due to its structural nature rather than concentration. 
It is possible that the local density of aromatic clusters may be very high for this 
fraction of coal extract which has not undergone any thermal cracking, resulting in 
very low quantum yields.   
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The 13-16 min fractions of the two CGR char extracts have very similar UV-
he 11-13 min fractions (Fraction 1) of the NMP extracts from the EC2386 coal, the 
.3.2.2  FT-IR spectroscopy of the UF > 100,000 u fractions 
 changes in molecular 
fluorescence spectra with a maximum at ca. 480 nm, although the intensity for the 
CGR179 char extract is slightly higher, suggesting a higher concentration of 
aromatic clusters fluorescing synchronously at, and close, to 480 nm. It is interesting 
to see that the maxima for two CGR char extracts fall between the first two peaks 
(centered at 370 nm and 420 nm) and the last peak (530 nm) in the UV-fluorescence 
spectra of the WMR tar. Since the CGR char extracts are believed to derive from the 
primary tar, the above changes in the signal maximum may imply the cracking of 
the primary tar during gasification.  
 
T
CGR char, the WMR char and tars were also analyzed using the UV-fluorescence 
spectroscopy. Not surprisingly, only the signal of the NMP solvent was observed 
(not shown here), because this fraction is of very high molecular mass, causing very 
low quantum yield, and thus gives no fluorescence. Other techniques are hence 
needed to characterize these fractions of particular interest. 
 
6
FT-IR spectroscopy has been used to obtain information on
structure of the 11-13 min fractions of extracts from EC2386 coal, CGR chars, and 
the “bosh” coke. However, collection of enough sample from the SEC column for 
FT-IR analysis proved to be a very slow process. As an alternative, an ultra-filtration 
(UF) cell has been used to collect these large-molecular-mass fractions. The 
membrane used for the filtration had a separation cut-off of nominal molecular mass 
100,000 u (®Millipore ultra-filtration membrane disc with NMWL≥ 100,000). The 
fractions retained on this membrane were recovered and washed by acetone/water 
(4:1) mixed solvent to remove NMP residue, and then dried under vacuum overnight 
at 80oC to remove the mixed solvent. The recovered >100,000 u fractions were re-
tested using SEC, and were found to elute mainly from 11 min to 16 min on SEC 
with only a very small amount of lower mass material present, in the 22-25 min 
range. 
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Figure 6-5 shows the FT-IR spectra of the UF >100,000 u fractions of NMP extracts 
from the EC2386 coal, the CGR chars and the “bosh” coke. It is noted that the 
severity of soot-proneness of the environment, in which those samples were 
prepared, is following the sequence of EC2386 < CGR181< CGR179 < the “bosh” 
coke; the EC2386 represented unreacted coal. Clearly, as the gasification 
environment became more soot-prone, dehydrogenation took place more intensively, 
as indicated by the decreasing C-H bond (both aliphatic and aromatic) intensity 
shown in Figure 6-5. Furthermore, the (C-C)ar intensity increases, though, to a small 
extent, as the environment became more soot-prone. This indicates that the 
molecular structure is becoming more aromatic. It has been reported by 
others201 , 202 , 203 , 204 , 205  that the condensation of PAH, e.g. formation of biaryl in 
naphthalene flames201, the formation of polycyclic aromatics with peripherally fused 
cyclopenta-rings204, and the formation of polyyne from aromatic precursors and 
polymerization into primary soot globules202, rather than acetylene is important in 
determining the soot formation mechanism. Taken together, direct dehydrogenation 
and condensation of polycyclic aromatic compounds (PAH) may be important 
pathways for soot formation during coal combustion/gasification. 
 
Figure 6-5 FT-IR spectra of the UF >100,000 u fractions of NMP-extracts from the CGR 
chars, the EC2386 coal and the “bosh” coke 
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6.3.2.3  Transmission Electron Microscopy of the UF >100,000 u fractions 
Sample
Carbon film
 
                                                                  a) 
 
b) 
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c) 
 
d) 
Figure 6-6 High Resolution TEM images of the UF >100, 000 u fractions of NMP-extracts 
from (a) the EC2386 coal, (b) CGR181, (c) CGR179 and (d) the “bosh” coke  
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TEM offers another independent technique for studying the structural changes of 
high mass extracts from EC2386 coal, CGR chars, and the “bosh” coke. The high-
resolution TEM images of these samples are shown in Figure 6-6. No crystal pattern 
is seen in the image of EC2386 coal extract, indicating this sample is very 
amorphous. Some concentric patterns are observed in the image, though blurred, of 
the CGR181 extract. Similar concentric patterns are also present in the TEM image 
of CGR 179 extract. In addition, a group of graphitic crystal layers is found, marked 
by the white circle. It is possible that similar graphitic layer structures might be 
present in the bulk high molecular mass fraction of the CGR 181 extract, but 
happened not to be detected in the portion viewed under TEM. Nevertheless, this 
finding, in combination with the FT-IR spectroscopy results, increases our 
confidence that UF >100,000 u fraction of the CGR179 extract is more ordered than 
that of the CGR181 extract. Similar graphitic layers are also found in the TEM 
image of the high mass fraction of the “bosh” coke extract, as expected. This coke 
has experienced high temperatures (c.a. 1500 oC) for a long period of time in the 
highly soot-prone “bosh” zone of the blast furnace. 
6.4 Conclusions  
In this Chapter, an attempt has been made to gain a better understanding of the 
formation mechanism of the “soot-like” materials, which eluted between 11-13 min 
in SEC chromatography, during coal combustion and gasification. This better 
understanding has been achieved by tracing the changes in molecular mass and 
molecular structure of tar-derived extracts with various degree of sooting proneness. 
A set of samples have been chosen to represent these different gasification 
environments: the “clean” EC2386 char and “primary” tars prepared in the WMR, 
the partially gasified CGR chars prepared in CGR, the raw EC2386 coal, and the 
“bosh” coke representing the most soot-prone environment in working blast furnaces. 
 
The most important finding in the molecular mass distribution (i.e. SEC) study of 
NMP extracts from the above samples is that cracking of tar is accompanied by 
build-up of the “soot-like” materials of very large molecular mass. This indicates 
that the secondary reactions of coal tar are closely associated with the formation of 
the “soot-like” materials. 
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Further, the structural analyses have been carried out in two steps. UV-fluorescence 
(UV-F) is able to provide information on the relative concentrations and sizes of 
aromatic clusters. For the retained material of relatively low molecular mass, UV-F 
results indicate that the concentration of larger aromatic clusters increases in the 
sequence of the WMR tars < EC2386 coal extract < CGR181 extract < CGR179 
extract. Since the partially gasified CGR char extracts are believed to be derived 
from the primary tars (proximate as the WRM tars), the above sequence implies that 
the primary tars are thermally altered to become more aromatic in the low mass 
range during combustion/gasification. Furthermore, a more soot-prone environment 
(e.g. in the case of the CGR 179 char) would favor an increase in aromaticity of tar-
derived products. 
 
FT-IR spectroscopy and TEM have been used to characterize the high molecular 
mass fractions of samples studied here, because UV-fluorescence fails to provide 
structural information on materials of large molecular mass (i.e. materials eluting 
before ca. 20 min on the Mixed-A SEC column). High molecular mass fractions 
have been recovered using an ultra-filtration (UF) cell with a filtration membrane of 
nominal 100, 000 u cut-off. The UF > 100,000 u fractions correspond to materials 
eluting from 11 to 16 min and a trace amount of retained materials. FT-IR 
spectroscopy reveals that dehydrogenation of the high molecular mass fractions 
occurs more significantly when the coal has been gasified in a more soot-prone 
environment. In parallel, the molecular structure also becomes more aromatic. 
Independently, TEM also shows the likely tendency that molecular structures 
become more ordered when coal is gasified in a more soot-prone environment. 
Taken together, these observations give convincing indications that a more soot-
prone environment favors an increase in aromaticity of tar-derived materials in the 
high molecular mass range. 
 
Combining the information acquired by UV-fluorescence, on structural changes of  
retained fractions (22-25 min on SEC), with that acquired by FT-IR spectroscopy 
and TEM, on structural changes of higher MM fractions (approximately 11-16 min 
on SEC), has provided a better understanding of the formation mechanism of “soot-
like” materials during coal gasification: tars evolved from the injectant coal, 
containing a broad range of PAHs, encounter secondary reactions such as 
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dehydrogenation and reploymerization/condensation, which eventually lead to the 
formation of “soot-like” materials of very large apparent molecular mass. In addition, 
the other formation pathway, not studied here but widely accepted, the attachment of 
gas-phase species (mainly acetylene) to the surface of soot nuclei particles may also 
occur. 
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Chapter 7. FT-Raman spectroscopy of coal 
chars and cokes 
The use of FT-Raman Spectroscopy to differentiate between different carbonaceous 
materials, e.g. injectant coal char, heat-treated metallurgical coke and soot-like 
materials is discussed in this chapter. A FT-Raman spectroscopy study of chars 
prepared from an injectant coal at various conditions, and cokes heat-treated at 
different peak temperatures, has been carried out and would hope to provide 
information on how the difference in carbon structure of these materials is reflected 
in their FT-Raman spectra. Based on this information, two sets of synthetic mixtures 
with known compositions have been tested and their Raman spectra-derived 
compositions were compared with the known ones, in order to pave the way for a 
potential industrial application. In addition, FT-Raman spectroscopy has been 
applied to study the development of the carbon structure of a set of blast furnace 
core-drilled cokes and a set of dusts collected from the “single tuyere” pilot-scale rig. 
Finally, an attempt has been made to collate the Raman parameters of various 
carbonaceous materials with the aim of differentiating them on a normalized basis. 
7.1. FT-Raman spectroscopy of coal chars and cokes 
The complex reactions of metallurgical coke and injectant coal in a blast furnace can 
be broadly categorized into three types: (i) pyrolysis (for coal only), (ii) combustion, 
and (iii) CO2 gasification. Thermo-annealing of the carbon structure of coke and 
char is also believed to occur because of the high temperature conditions in the blast 
furnace. It is now generally agreed that annealing, taking place during 
combustion/gasification, may induce thermal deactivation of the char to extents that 
are dependent on the time-temperature history of the coal/char particles in the 
furnace.206,207 The processes of thermal deactivation, including both rearrangement 
of the turbostratic carbon structure and modifications of the inorganic matter, have 
been addressed by Davis et al.208 and Senneca et al.209 It is therefore necessary to 
study the effect of thermal annealing on the carbon structure of the injectant coal and 
the metallurgical coke. This is linked closely to their combustion and gasification 
reactivities. The various aspects of the thermal annealing effect, i.e. effects due to 
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peak temperature, heating rate, hold time at peak temperature, and pressure, are 
discussed in this section. This is followed by the study of the effect of oxygen-
gasification on the carbon structure of injectant coal char and the metallurgical coke. 
 
7.1.1 Sample preparation 
A metallurgical coke (MC) and an injectant coal (BS2), particle size in the range of 
150-202 μm, have been used to prepare heat-treated and partially O2-gasified 
samples. The chemical properties of MC and BS2 are listed in Table 7-1.  
Table 7-1 Chemical analysis of BS2 coal and coke 
Sample Ash (% db) V.M. (% db) C (% db) H (% db) 
BS2 6.5 13.2 85.9 4.3 
MC 10.4. n.d. 84.3. 0.14 
 
The preparation of samples investigated in this part of the work was as follows. First, 
BS2 and MC have been heat-treated in two different furnaces: 1) for peak 
temperatures at, and over 1300 oC, in a graphite furnace being purged with argon, at 
a heating rate of 30 oC/min for 5 min; 2) for peak temperatures lower than 1300oC, 
in a horizontal furnace being purged with nitrogen, at a heating rate of 30 oC/min for 
5 min. For each run, about 100 mg BS2 coal or metallurgical coke has been used. It 
should be pointed out that the BS2 coal had been pre-heated in nitrogen at 600oC for 
30 min before the actual heat-treatment runs in order to avoid any damage to the 
above furnaces during the rapid evolution of volatile matters from the coal. The 
detailed sample preparation conditions are listed in Table 7-2. 
Table 7-2 Sample heat-treatment conditions 
BS2 coal char (30 oC/min, 1.5 bara, 5 min hold at peak temperature as follows) 
BS2-900-5 900oC 
BS2-1300-5 1300oC 
BS2-1500-5 1500oC 
BS2-1800-5 1800oC 
BS2-2000-5 2000oC 
BS2-2400-5 2400oC 
Metallurgical coke (30 oC/min, 1.5 bara, 5 min hold at peak temperature as follows) 
MC-1500-5 1500oC 
MC-1800-5 1800oC 
MC-2000-5 2000oC 
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Secondly, to study the effect of heating rate, hold time and pressure on the carbon 
structure of chars, the BS2 coal has been pyrolyzed in Helium in the high-pressure 
version of the wire mesh reactor. The experimental conditions used are shown in 
Table 7-3. 
 
Finally, about 500 mg demineralized (see Section 4.7 for detailed demineralization 
procedure) metallurgical coke and the BS2-900-5 char sample has been partially 
gasified in oxygen in a Perkin-Elmer thermogravimetric analyzer (TGA 7) to 
different extents (burn-off) of the initial sample weight. 
Table 7-3 Pyrolytic conditions of BS2 coal chars in the wire mesh reactor 
Effect of pressure (Peak temperature 1500oC, 1000 K/s, 30 s holding) 
  BS2-P-1 (BS2-H-2) 3 bara 
  BS2-P-2 20 bara 
  BS2-P-3 40 bara 
Effect of heating rate (Peak temperature 1500oC, 3 bara, 2 s holding) 
  BS2-R-1 1 K/s 
  BS2-R-2 (BS2-H-1) 1000 K/s 
  BS2-R-3  6000 K/s 
Effect of hold time (Peak temperature 1500 oC, 3 bara, 1000 K/s) 
  BS2-H-1 2 s 
  BS2-H-2 30 s 
  BS2-H-3  120 s 
 
7.1.2 Effect of heat-treatment temperature on the carbon structure of BS2 
coal chars and metallurgical cokes 
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Figure 7-1 FT-Raman spectrum of BS2 coal 
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The Raman spectrum of the BS2 coal is shown in Figure 7-1, which is dominated by 
a large broad feature spanning both the first and second order Raman scattering 
range (800-4000 cm-1). This broad feature is due to fluorescence, indicating that BS2 
coal has a very disordered carbon structure. Furthermore, the Raman active features 
of graphitic microcrystallites, i.e. G and D bands, are too weak to be clearly 
discernible from the spectrum. Consequently the baseline correction is difficult to 
make. However, the fluorescence could be eliminated effectively if the Raman 
spectrum was recorded with a KBr matrix. The KBr matrix can dissipate the heat 
effect caused by the incident laser beam, and therefore suppress the emission of 
Planck radiation.210 However, the improved spectral quality would come only with a 
penalty of more complicated sample preparation. It was found that the Raman 
spectra of all the other samples studied in this work were not affected greatly by 
fluorescence; it was therefore decided not to employ the KBr-pellet method. 
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Figure 7-2 Height-normalized FT-Raman spectra of heat-treated BS2 coal chars 
 
Figure 7-2 shows the baseline-corrected FT-Raman spectra of the heat-treated BS2 
chars, which have been height-normalized to the G band. The 2D band, the second 
order Raman feature, is observed in the spectra of all the BS2 coal chars except for 
the 900 oC char. The intensity ratio of 2D to G band is observed to increase with the 
heat-treatment temperature. The 2D band has been reported at 2607 cm-1 in the 
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spectra of HOPG with a 1064 nm excitation laser source.211 The band was found to 
broaden and shift to lower wavenumbers or even disappear, when the carbon 
structure became less ordered.211 Therefore, the increase GI  suggests that 
the BS2 char has become more ordered with increasing temperature, as expecte
in
d. 
8
 DI /2
 
The G band and D band are also found to become sharper as temperature increases. 
This is in line with the finding of Catherine et al. 212 , 213  that the D-band width 
decreased with the heat-treatment temperature for six series of chars derived from 
six different precursors over the temperature range of 20oC-2800oC. The intensity 
ratio of D to G band ( ) increases remarkably from 900oC to 2400oC. This 
finding is consistent with the results of Wang et al. 
GD II /
I
214 which indicated that coke in 
the vicinity of iron possessed a much more ordered graphitic structure than coke far 
away from iron, and thus the intensity ratio (D to G band) increased for cokes closer 
to iron. This finding, however, seems to contradict the widely-reported, empirical, 
inverse relationship between  and the degree of orderingGD I/
13 , and will be 
discussed in some detail in Section 7.3.3. 
 
The above tendency is accompanied by the width-narrowing of the G and D bands 
with increase in temperature. The widths of both the G and D bands are related to 
bond angle disorder and to the relative amounts of amorphous carbon versus 
crystallites.215 Abello et al. 216 suggested that the D band is actually an envelope of 
the distribution of vibrations due to plane edges or dislocation sites relative to the 
basal graphitic planes. The observed narrowing of D band width therefore suggests a 
more uniformed/homogenized carbon structure, resulting from a decrease in both the 
concentration and distribution of amorphous carbon structures.  
 
The decrease in the concentration of amorphous structure is also reflected by the 
decrease in intensity of the valley (the height of the minimum point) between the G 
and D bands ( ). The valley between the G and D bands has been assigned by 
Kawakami et al.
GV II /
217 , in their deconvolution approach, to two peaks representing 
randomly distributed structure in the cokes. Li  et al.153 also fitted three peaks (i.e. 
GR, VL and VR) into the valley, which represented mainly aromatic semi-quadrant 
ring breathing for aromatic ring systems having more than two benzene rings, in 
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addition to vibrations of alkyl functional groups. It is believed that the combined 
intensity of the GR+VL+VR peaks (i.e. valley intensity) will decrease gradually when 
aromatic ring systems grow. 
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Figure 7-3 Variations of ,  and of BS2 chars with heat-treatment 
temperatures 
GV II / GD II /2 GD II /
2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
 
 
D
G
2D
N
or
m
al
iz
ed
 In
te
ns
ity
Raman shift (cm-1)
 Metallurgic coke
 1300oC
 1500oC
 1800oC
 2000oC
 
Figure 7-4 Height-normalized FT-Raman spectra of the MC and its heat-treated products 
 
Figure 7-3 shows more clearly the variation of   and with 
heat-treatment temperatures. It is noted that the slopes of the nd 
GV II / , GD II /2 GD II /
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curves become steeper when the heat-treatment temperature increases to 
1300oC and beyond. It is observed, therefore, that higher temperatures favor the 
graphitization of the injectant coal chars. 
 
The Raman spectra, height-normalized to the G band, of the metallurgical coke and 
its heat-treated products are shown in Figure 7-4. It is noted that the 2D band is 
absent in the spectrum of metallurgical coke, which has been heated in the coke 
oven for many hours at temperatures of around 900oC-1000oC. When the 
temperature increases to greater than 1300 oC, the 2D band starts to emerge in the 
spectra, and the intensity ratio of 2D band to G band increases with heat-treatment 
temperature, which suggests that the graphitic microcrystallite becomes quite large. 
The  ratio is also found to increase dramatically when the fresh metallurgical 
coke was heat-treated. However, this ratio remains almost constant for heat-treated 
cokes across the whole heat-treatment temperature range from 1300 oC to 2000oC, 
which are typical temperatures experienced by the metallurgical coke as it moves 
from the cohesive zone down to the “raceway”. The intensity ratio of the valley 
(between the G and D band) to G band ( ) also remains constant up to 1500 oC, 
and then decreases rapidly. This observation is more clearly illustrated in Figure 7-5. 
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Figure 7-5 Variation of ,  and of heat-treated metallurgical cokes 
with heat-treatment temperatures 
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Figure 7-6  of heat-treated BS2 chars and cokes at different temperatures GV II /
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Figure 7-7 of heat-treated BS2 chars and cokes at different temperatures GD II /
 
The difference in the carbon structure development of the injectant coal and the 
metallurgical coke during heat treatment is revealed in Figure 7-6 and Figure 7-7. 
The  and  ratios of fresh metallurgical coke (MC) are also given for 
comparison. 
GV II / GD II /
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It is noted from Figure 7-6 that the heat-treated metallurgical coke has lower
than the heat-treated injectant coal char at almost all the temperatures (except for 
1500oC). As discussed above, lower  ratios suggests more homogeneous 
carbon structures, Figure 7-6 thus suggests that metallurgical coke has a more 
homogeneous carbon structure than the BS2 char when they have experienced 
similar time-temperature histories. On the other hand, the ratio, a parameter 
indicating the dimension of the graphitic microcrystallite, increases for the injectant 
coal chars as the temperature increases from 900 oC to 2000 oC, whereas it appears to 
level off for metallurgical coke once the temperature has researched 1300oC, see 
Figure 7-7. 
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Figure 7-8 FT-Raman spectra of heat-treated metallurgical cokes at 2000oC for 5 min and 
1h 
 
This observed difference in the carbon structure development between the injectant 
coal and the metallurgical coke, during heat-treatment, can be explained by the 
many hours of prior exposure of the metallurgical coke to temperature around 
900oC-1000oC in the coke oven. This long-term exposure must have largely 
destroyed the amorphous structure within the coking coal (indicated by lower  
and developed a new carbon structure, which is too rigid for further development 
during short-term exposure to temperatures higher than that in the coke oven 
GV II / )
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(indicated by constant  upon further heat-treatment). However, in contrast, 
the injectant coal is able to develop larger graphitic structures than the metallurgical 
coke when exposed to higher temperatures (indicated by increasing ) because 
its unaltered structure is probably more adaptable. However, the relatively short 
exposure time (5 min) limits the extent to which the initial amorphous structure can 
be removed (so higher  than metallurgical coke). 
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Figure 7-9 FT-Raman spectra of heat-treated BS2 chars at 1100oC for 5 min and 1h 
 
It is arguable that 5 min heat-treatment may be too short to represent the long term 
annealing encountered by metallurgical coke or injectant coal in the blast furnace. 
Thus, in order to confirm that the observations made on 5 min heat-treated products 
are representative of real furnace conditions, a set of 1 h heat-treatments of 
metallurgical coke and injectant coal have been carried out, see Figure 7-8, 7-9 and 
7-10. No discernible difference is observed between the 5 min and 1 h treatment 
spectra for either the BS2 coal or the metallurgical coke at 2000 oC. The slightly 
higher  ratio of 1 h treated char than the 5 min treated char for BS2 coal at 
1100 oC may be explained by the factor that longer exposure time to relatively lower 
temperature will favor the development of the carbon structure within coal chars 
during heat-treatment. 
GD II /
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Figure 7-10 FT-Raman spectra of heat-treated BS2 chars at 2000oC for 5 min and 1h 
 
7.1.3 Effect of the heating rate during heat-treatment on the carbon structure 
development of BS2 coal chars 
It is apparent from the above discussion that the initial few minutes of heat-
treatment is important to carbon structure development in injectant coal chars, 
particularly at very high temperatures experienced in the “raceway”. In the 
following sections, the effect on carbon structure development of injectant coal 
chars of other parameters associated with the heat-treatment, will be discussed, i.e. 
heating rates, residence time at peak heat-treatment temperature and pressure. 
 
Figure 7-11 shows the FT-Raman spectra, height-normalized to G band, of three 
BS2 chars prepared at heating rates of 1 K/s, 1000 K/s, and 6000 K/s, respectively, 
with peak temperature 1500oC for 2 s at 3 bara. It is found that lowering the heating 
rate reduces both the and  ratios, indicating a more homogeneous 
carbon structure but relatively smaller graphitic microcrystallites. Since a lower 
heating rate requires a longer heating-up period to reach the set peak temperature 
(1500 oC), the amorphous carbon will tend to be destroyed to a greater extent, 
leading to a more homogeneous carbon structure (with a lower ). Meanwhile, 
however, the carbon structure of chars also becomes more rigid, which enhances the 
GD II / GV II /
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resistance to further growth of graphitic microcrystallites (or termed as basic 
graphitic structural units (BSU)). Higher heating rates allow the carbon structure to 
experience higher temperatures sooner, while the carbon structure is still relatively 
flexible. The higher temperatures provide more energy, favoring the association of 
BSUs, i.e. the release of interlayer defects between two superimposed BSUs 
permitting them to coalesce, leading to larger graphitic microcrystallites dimensions 
(higher ).GD II /
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Figure 7-11 Height-normalized FT-Raman spectra of BS2 chars prepared at different 
heating rates 
 
The relative reactivities of the three chars prepared at different heating rates were 
assessed using the isothermal (at 500oC) TGA method, as shown in Figure 7-12. The 
isothermal method is more sensitive than the non-isothermal method to detect the 
slight differences in reactivity existing between these chars. The 1 K/s char is 
apparently less reactive than the other two chars which have very similar reactivities, 
although the 6000 K/s char is slightly more reactive. This result is consistent with 
that of Wu2 (who used a peak temperature 1500oC with hold time 1 s at 3 bara) and 
Pipatmanomai3 (who used a peak temperature 1000oC with hold time 0 s at 3 bara) 
who studied the differences in char reactivity between 1000 K/s to 5000 K/s. 
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It is apparent from Figure 7-11 and Figure 7-12 that char reactivity depends on the 
proportion of amorphous carbon present in the char, as indicated by  
regardless of the dimension of the graphitic microcrystallites, as indicated by  
This suggests that amorphous carbon provides the reactive sites during gasification. 
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Figure 7-12 Isothermal weight loss profile of BS2 chars prepared at different heating rates 
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Figure 7-13 Height-normalized FT-Raman spectra of BS2 chars prepared under different 
pressures 
 
 140
7.1.4 Effect of pressure on the carbon structure development of BS2 chars 
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Figure 7-14 Isothermal weight loss profile of BS2 chars prepared under different pressure 
 
Figure 7-13 shows the FT-Raman spectra, normalized to G band, of BS2 chars 
prepared under 3 bara, 20 bara, and 40 bara, respectively (peak temperature 1500 oC, 
1000 K/s, residence time at peak temperature 30 s). The intensity ratio of the D to G 
band, , decreases with pressure. The intensity ratio of the valley to G band, 
, decreases slightly when the pressure increases from 3 bara to 20 bara, and 
then remains constant. These variations might be explained by the suppression of 
volatile release at higher temperatures and deposition of secondary char within char 
particles. Volatile matters, and tars in particular, are believed to originate from 
molecules weakly bonded to other stable macromolecules, e.g. aromatic ring 
systems. These weak bonds are broken down during heat-treatment, resulting in tar 
release leaving macromolecules with more “tidy” structures. However, the sweeping 
gas, used in the wire mesh reactor, exerted greater resistance to the escapes of 
volatile matter from the coal particles as the pressure increases. Some of the 
ruptured tar molecules might not be able to escape the coal particles, and thus were 
cracked or resolidified in situ. The possibility of coalescence of adjacent 
macromolecules also decreased, due to the presence of thermally-altered tar 
molecules between macromolecules, inhibiting their coalescence. This suppressing 
GD II /
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of immediate tar release at higher pressure would tend to inhibit the homogenization 
of the carbon structure and the growth of graphitic microcrystallites. 
 
The relative reactivities of the chars prepared at different pressures are compared 
using their iso-thermal TGA weight loss profiles, shown in Figure 7-14. The 
reactivity of char is seen to decrease with increaseing pressure between 3 to 40 bara, 
which is consistent with the results of Messenbock et al.40 who tested the effect of 
pressure between 1 and 30 bara on the reactivities of six coal samples in the same 
wire mesh reactor (peak temperature 1000oC, residence time at peak temperature 10 
s, and a heating rate 1000 K/s). Since the chars prepared at 20 bara and 40 bara have 
a similar concentration of amorphous carbon structure (i.e. the reactive sites), as 
indicated by roughly the same , the difference in reactivity may be due to 
other factors. The deposition of less reactive secondary chars, derived from tars, 
within the char structure during pyrolysis is thought to be the main factor, which 
becomes more pronounced as the pressure increases.
GV II /
40, 219  In addition, the char 
would also be less porous at high pressure, because of internal pore blockage by 
secondary tar deposition, thereby reducing the surface area available for O2 
7.1.5 Effect of hold time on the carbon structure development of BS2 chars 
combustion. 
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Figure 7-15 Height-normalized FT-Raman spectra of BS2 chars prepared at 1500oC with 
different hold time 
As discussed in 7.1.2, the carbon structure development appears to be completed 
n of
ent. The effect of even shorter exposure time, i.e. up to 
r over the later stage of heat-treatment. 
within the first 5 mi  heat-treatment, so that longer heat-treatment will not lead to 
significant further developm
2 min, on the development of char carbon structure has also been investigated, as 
shown in Figure 7-15. The intensity ratio of the D to G bands, GD II / , increases 
with exposure time, indicating the growth of graphitic microcrystallites. It is also 
noted that the position of the D band shifts to a lower wavenumber, a typical change 
in Raman spectral feature indicative of increasing degree of carbon structural 
ordering, which has also been observed by Mennella et al.143 and Wang et al.220  In 
contrast, the intensity ratio of the valley (between D and G bands) to G band, GV II / , 
decreases with exposure time, reflecting the carbon structure becoming more 
homogeneous. Observation of these expected differences between the three chars 
underlines, once again, that the carbon structure of injectant coal char develops 
rapidly in the initial stage of heat-treatment at high temperature and soon becomes 
too rigid to develop furthe
 
7.1.6 Effect of O2-gasification on the carbon structure of the BS2 chars and 
metallurgical cokes 
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Since oxygen becomes deficient very quickly in the “raceway” region, the dominant 
conversion of injectant coal char and metallurgical coke in, and beyond, this region 
is through gasification with CO2. Gasification will inevitably have an effect on the 
carbon structure of the residual injectant coal char, and consequently its gasification 
reactivity. It should be pointed out that the gasification of char and coke in a 
working blast furnace occurs over a broad range of temperature, typically from 
500oC to 2000oC. It has been concluded that thermal annealing normally occurs 
during gasification at temperatures beyond 800oC. 221 , 222 , 223 , 224  As a result, the 
effects of annealing and gasification on the carbon structure of injectant coal char, 
and coke, are coupled during nearly the whole period of their journeys through a 
blast furnace. It is, therefore, necessary to investigate the sole effect of gasification 
in the absence of any annealing effects. 
 
A BS2 char sample (i.e. the BS2-900-5 char), pyrolyzed at 900oC in nitrogen for 5 
min with a heating rate of 30 oC/min, was chosen to represent the coal char that was 
injected into the blast furnace though the tuyere. This char sample, and a fresh 
metallurgical coke sample, were gasified in air to different extents at 500oC 
following the same iso-thermal weight loss test procedure. The low gasification 
temperature assured that the reaction was in the chemical reaction control regime 
and also excluded the thermo-annealing effect.225 Moreover, The CO2 gasification 
trends observed are similar to the trends for O2 gasification, as observed by Cai38. 
Therefore, conclusions, drawn from O2 gasification in the current study, are also 
applicable to CO2 gasification, at least qualitatively. 
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Figure 7-16 Height-normalized FT-Raman spectra of BS2-900-5min char and its partially 
gasified products 
 
Figure 7-16 shows the FT-Raman spectra, normalized to G band, of BS2 char and its 
artially gasified products. The intensity ratios of the D to G bands,  of 
lue 
ince the gasification temperature was much lower than the heat-treatment 
GD II / ,
 va
p
partially-gasified chars increase dramatically compared to that of  the raw BS2-900-
5 char. GD II /  is also seen to increase to a very small extent between 10% and 76% 
burnoff, and then decrease slightly at 90% burnoff. The intensity of the valley to G 
band, II / , is found to decrease until 76% burnoff, and then increases to aGV
even higher than that of the raw char. The above findings are in line with those of Li 
et al.210 who used Raman spectroscopy to study the gasification of the char (prepared 
from an Australian brown coal at 900oC for 15 min) in air at 400 oC in a TGA. They 
observed that the increase in GD II / continued right up to 99% burnoff. However, the 
rank of their brown coal (68.5% db C) was much lower than that of the BS2 coal 
used in this study (85.9% db C). 
 
S
temperature of the raw char, thermal annealing of partially gasified chars was 
unlikely to occur. Changes in the carbon structure of char, as reflected by changes in 
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GD II /  and GV II / , must have resulted from the char gasification by O2. It is 
expected that the carbon structure became more homogeneous/uniform (decrease in 
GV II / ) in the initial stages of gasification, because the gasifying medium (O2 in the 
current case) attacked and consumed the amorphous structure preferentially. This 
would lead to a more uniform overall structure of char (decrease in GV II / ). In the 
later stage of gasification, the gasifying medium began to attack the ordered 
structures when most of the amorphous structures have been consumed. The overall 
structure of the remaining char, as a net result, became less homogeneous/uniform 
again ( I GIV /  increases again). 
 
The significant increase of  between the raw 900oC char and its gasified 
products, however, is somewhat unexpected. In order to trace the changes occurring 
in the carbon structure due to gasification, FT-IR spectroscopic analyses of the raw 
char and its partially gasified products have been carried out, see Figure 7-17. 
 
It can be clearly seen in Figure 7-17 that no significant signals, can be observed in 
spectrum of the 900 oC raw char, except for the CO2 band and some weak bands for 
the minerals. This indicates that this char has a somewhat rigid and “tidy” structure 
with very little IR-active functional groups available to contribute to the FT-IR 
spectrum. This observation seems reasonable because most of the amorphous 
structure, including IR-active function groups, have been destroyed during the heat-
treatment to 900 oC and for 5 min, leading to a relatively “fused” structure.  
 
In contrast, all the partially gasified chars show clear signals for functional groups
such
r methylene (1370-1450 cm-1), etc. These functional groups, particularly the O-
GD II /
 
 as carbonyl (1772 cm-1), aromatic C=C or carboxyl (1600-1700 cm-1), methyl 
o
containing groups, are believed to be formed during gasification of chars in air. The 
presence of –OH groups (3100-3640 cm-1) is clearly apparent in the 90% burnoff 
char, as well as in the raw BS2 coal, perhaps as a part of char structure or as 
moisture in char. However, comparison of these spectra with those of the other chars 
suggests that moisture may not account for all the –OH bands observed, since all the 
samples would be expected to contain only a tiny amount of moisture at the time 
their FT-IR spectra were recorded. Walker and co-workers226 have pointed out, in a 
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review, that a significant amount of O-complexes builds up on the surface of active 
sites. 
 
Figure 7-17 FT-IR spectra of BS2-900-5min char and its partially gasified products 
 
The increased GD II / , observed when the raw 900
oC char was partially gasified, may 
be explained as follows. When the raw BS2 coal was heat-treated at 900oC for 5 min, 
a large amount of amorphous structures was destroyed. This process involved the 
breakdown of long chain aliphatics and small hydro-aromatic (less than six rings) 
structures, as well as the rupture of some sp3-rich structure, e.g. alkyl-aryl C-C 
ructures and methyl/methylene carbon pendant to aromatic rings, from aromatic 
BSUs), it is possible that some of them are strongly Raman-active, contributing 
st
planes. Cross-linking and substitution between larger aromatic ring systems would 
also be likely to occur. As a result, the overall char structure would have become 
relatively rigid and “tidy”, with only a small amount of functional groups available 
on the char structure/surface. After the raw 900oC char was partially gasified, some 
of the cross-linking structures were broken down and new function groups were 
formed on the char surface, which would affect Raman spectra both directly and 
indirectly. Since these new function groups were preferentially formed on active 
sites, closely associated with the periphery of aromatic ring systems (i.e. edges of 
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directly to the D band signal. Some of the function groups, e.g. O-containing groups, 
could also influence the Raman intensity indirectly by exerting a resonance effect227: 
increasing the Raman intensity of aromatic ring systems to which they were attached, 
e.g. through conjugation. These direct and indirect effects would then be reflected 
by the increase in the D band signal relative to the G band signal, which is 
associated with the edge behaviour of BSUs. 
 
It was also noted that there was competition between elimination of the original 
amorphous structure (i.e. reactive sites) and generation of new functional groups 
(amorphous structure) on the reactive sites. In the early stages of conversion, 
eliminating the original amorphous structures would have outweighed the formation 
of new functional groups, which enhanced the Raman intensity. However, in the late 
stages of conversion, most of the amorphous structures would have been eliminated, 
and attack of the gasifying medium on the ordered structure would have started to 
dominate. The net result would have been an increase in amorphous structures and 
probably also a decrease in the BSU dimensions (hence decrease of . 
 
Figure 7-18 shows the normalized FT-Raman spectra of metallurgical coke (MC) 
and its partially gasified products. Since the MC has been heated at quite high 
t  
 expected to be rigid and ordered, to a much greater extent compared to that of the 
igure 7-9). Therefore, the metallurgical coke had a 
 of
GD II / )
emperatures (around 900oC-1000oC) for many hours in the coke oven, its structure
is
900oC BS2 char (considered in F
much lesser amorphous structure (thus reactive sites) where the new function groups 
tended to form during gasification, as discussed above. Consequently, gasification 
would tend to occur across the whole carbon structure including the ordered 
graphitic structures, i.e. BSUs. The BSU dimensions, therefore, decreased due to 
gasification. The net result turns out to be that GD II /  decreases as the gasification 
proceeds. The carbon structure also appears to maintain its degree of homogeneity 
as a result of this less “selective” gasification, as indicated by the slight variation  
GV II / .  
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Figure 7-18 Height-normalized FT-Raman spectra of MC and its partially gasified products 
 
7.1.7 Summary and discussion 
FT-Raman spectroscopy has been used to study the effect of pyrolysis (heat-
treatment) and gasification on the carbon structure development of an injectant coal 
and a metallurgical coke. Two Raman spectral parameters, i.e. intensity ratio of D 
band to G band ( GD II / ) and that of the valley between D and G bands to the G 
band, have been uitable to address the changes in carbon structures. An 
crease in indicates the growth of basic graphitic structure units (BSUs) (or 
tructure. The 
evelopment of the carbon structure of coke is different from that of injectant coal: 
 found s
G  D II /in
termed microcrystallites) over the temperature range studied. A decrease in Gv II /  
appeares to suggest the elimination of amorphous carbon structures as well as 
homogenization of the whole carbon structure. 
 
The heat-treatment temperature has been found to be the dominant factor in 
determining the degree of ordering of the carbon structure of injectant coal chars and 
cokes; the higher the temperature, the more ordered the carbon s
d
the growth of BSUs in coke was limited to only a minor extent, over the temperature 
range studied, due to the relatively rigid structure the metallurgical coke had formed 
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in the coking process. In coke, the elimination of the remaining amorphous carbon 
structures and homogenizing of the whole structure were the major processes 
occurring. In contrast, the development of carbon structure of the injectant coal 
involved both growth of BSUs and elimination of the amorphous structures.  
 
In addition, effects on the char carbon structure development of other heat-treatment 
factors have also been investigated. First, a rapid heating rate was found to result in 
larger BSUs, but a less homogeneous carbon structure. Higher heating rates enabled 
the char particles to reach higher temperatures more rapidly, and the char structure 
mained flexible meanwhile. Higher temperatures provided sufficient energy to 
trast, it became more difficult for tars to escape the hot carbon skeleton, hence 
t factor cons
found that the initial stage, i.e. the first 5 min in the current study, of heat-treatment 
 of 1h heat-
arbon 
structure remain almost unchanged over the later stages of 1 h heat-treatment 
re
eliminate inter-BSU defects and promote coalescence of adjacent BSUs, leading to 
growth. However, a rapid heating rate provided shorter exposure time for chars to 
high temperatures during the heat-up stage, which did not favor increasing 
homogenization of the overall char structure.  This finding was validated by the 
measured difference in relative reactivities between chars prepared at the different 
heating rates. 
 
Second, the effect of pressure has been considered. Lower pressure was found to 
favor the growth of BSUs since it reduced the resistance to tar release from the 
carbon skeleton, creating space for coalescence of adjacent BSUs. At high pressure, 
in con
tar cracking occurred, leading to less reactive secondary tars formation and 
deposition onto the char skeleton. This, in combination with the reduced porosity 
induced by higher pressure, would lead to a less reactive char product. 
 
The residence time was the las idered during heat-treatment. It has been 
at high temperature determined the carbon structure of both the injectant coal char 
and coke. No significant changes were observed in the Raman spectra
treatment products compared to the 5 min products. This suggested that the c
process. This finding is important from the perspective of differentiating carbons 
from different locations in a blast furnace, because carbons from the high 
temperature zones, e.g. the “raceway”, would maintain their carbon structures when 
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they travel to the upper regions of the furnace. Furthermore, it was found that the 
carbon structure of injectant coal chars developed remarkably within the initial stage 
of heat-treatment, i.e. 2 min in the current study. 
 
Finally, the independent effect of gasification on the carbon structure development 
of an injectant coal char and a metallurgical coke has been studied. Because of 
formation of new functional groups on the reactive sites (e.g. edges of acromatic 
rings) of the char structure, the intensity ratio of D to G bands, GD II / , was found to 
increase, in comparison to that of the raw char. This w ained by the 
ontribution to the Raman intensity of these f
 igh degree of 
tion reactions, leading to 
mensions. was found to decrease with coke conversion, as 
alyze the dust at the present time is a 
borious “point-counting” approach conducted with a reflected polarised light 
.2.1). The differentiation between carbons is based 
as expl
unctional groups, both directly and 
until a h
c
indirectly. The GD II / ratio continued to increase marginally
conversion (76% burnoff) had been achieved; beyond 76% burnoff, the ratio 
somewhat decreased. This behaviour reflected the competition between elimination 
of the amorphous fraction and formation of new function groups on the reactive sites. 
 
Since the metallurgical coke already possessed a relatively more rigid and ordered 
structure, the aforementioned functional groups would be less abundant on the 
reactive sites of its structure. Attack on the ordered fraction across the whole coke 
structure appeared to account for most of the gasifica
decreased BSU di GD
a net result. Meanwhile, the less “selective” gasification process appeared not to 
affect the homogeneity/uniformity of the coke carbon structure greatly.  
7.2. Estimation of compositions of synthetic mixtures  
It would be desirable for blast furnace operators to differentiate between the various 
carbonaceous materials in the top gas dust, i.e. coke, injectant coal char, soot, etc, in 
a rapid and easy manner. This would assist them in diagnoses of furnace mal-
operation due to high coal injection rates or other unforeseen circumstances. 
However, the most reliable means to an
II /  
la
microscope (briefed in Section 5
on overall morphology, particle shape and degree of development of optical 
anisotropy, as revealed by interference contrast. This is a time-consuming approach, 
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requiring special expertise, and cannot be practiced routinely. Alternative 
approaches are therefore needed. The possibility of using Raman spectroscopy for 
the above purpose is discussed in this section. 
 
7.2.1 Preparation of synthetic carbon mixture samples 
A coke sample, Core2, taken from the “raceway” of a working blast furnace, a BS2 
char prepared at 1500oC for 5min (see Section 7.1.1 for preparation process), and the 
metallurgical coke have been used to prepare mixtures simulating the possible 
composition of the top gas dusts from blast furnaces. The Core2 and 1500oC BS2 
char served as representative carbons from the high temperature tuyere-level regions. 
The inclusion of metallurgical coke reflects the fact that some feed coke is always 
present in the carryover dust as a result of mechanical breakdown during the 
charging of iron ore, coke and flux from the furnace top. 
 
All the three samples have been manually ground to less than 38 μm in order to 
obtain mixtures that were as homogeneous as possible. It was noted that the Raman 
spectra of ground samples differ from those of the raw samples in terms of decrease 
in D band intensity and increase in width of both D band G bands. These changes 
are tho g, and 
ex fter gr ding. D ba d, 
which was quite strong in the Rama a of aw 15 S2 c ar, b
hardly discernible after grinding. The very fine samples were then manual  xed
her mixing in a tumbler for 5 h. The different mass ratios of the 
mixtures prepared are given in Table 7-4. 
 
7.2.2
F ows  norm  FT an spectra of the metallurgical coke, 
ore2 and their mixtures. Clear differences can be observed in both the first order 
band can be used to estim
shown in Table 7-4. 
ught to be caused by both the mechanical force applied during grindin
posure of relatively less ordered internal carbon a in The 2 n
n spectr r 00oC B h ecame 
ly mi , 
followed by furt
 Results and discussion 
igure 7-19 sh the alized -Ram
C
and second order regions. Based on the discussion in section 7.1, the intensity ratios 
of the 2D to G band, the D to G band, and the valley between G and D band to G 
ate the compositions of the mixtures. The results are 
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Figure 7-19 Normalized FT-Raman spectra of MC, Core2 and their mixtures 
 
Table 7-4 The compositions of the synthetic mixtures by  and 
 
Sample 
Core2% 
by mass 
 Core2% 
by
 Core2% 
by
 Core2% 
by
GD II / , GD II /2 GV II /  
GD II /  GD II /  GD II /2  GD II /  GV II /  GV II /  
Metallurgical coke 
(MC) 
0 0.999 0 0 0 0.434 0 
Core2 coke 100 1.442 100 1.65 100 0.025 100 
Core2/MC  1:4 20 1.199 45 0.27 17 0.366 17 
Core2/MC  1:1 50 1.271 51 0.91 55 0.271 40 
Core2/MC  4:1 80 1.227 61 1.28 78 0.203 68 
 
The compositions of the mixtures estimated from the  ratio are closest to their 
known compositions by mass, whereas the compositions estimated from the 
 
milar,
an scattering from the two 
GD II /2
GDI I/ ratio deviate most distantly from their known compositions. It must be
pointed out that compositions estimated from these intensity ratios are by volume, 
not mass, because Raman scattering occurs in the volume illuminated by the 
incident IR laser beam. However, since the densities of the three individual carbons 
in the mixtures are very si  the discrepancy between compositions by volume 
and compositions by mass should not be significant. Clearly there are interplays, e.g. 
re-scattering of Raman light, between the Ram
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components
components, as considered in the estimation, ma  sufficient. Since the 
metallurgical coke does not show any 2D band signal at all, the com ition o  the 
m  predicted b  the  ratio, with an approximately linear 
correlation. Thus, all the 2D  the mixture should derive from 
the Core2 component only.   Calculations fr  the perspective of the area ratios and 
ratios of width at half maximu ere  conducted. However, the results were not 
satisfactory, probably due to the abov ntioned effect of interplays. 
 in the mixtures. Therefore, a simple linear relationship between the two 
y not be
pos f
ixtures are best y  GD II /2
signals recorded from
om
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Figure 7-20 Normalized FT-Raman spectra of MC, BS2-1500-5min char and thei
 
The FT-Raman spectra, normalized to G band, of the metallurgical coke and the 
BS2 char (prepared at 1500oC for 5min), and their synthetic mixtures are shown in 
Figure 7-20. It is observed that the GD II /  ratio can be used to estimate the 
compositions, whereas the Gv II /  ratio is broadly constant for these samples. Table 
7-5 lists the estimated compositions of synthetic mixtures against their known mass 
compositions, which indicate quite close agreement. 
Table 7-5 The compositions of the synthetic mixtures by GD II /  
 Char % 
GD II /  GD II /  
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Metallurgical coke 
(MC) 
0 0.999 0 
BS2-1500oC-5min 
(Char) 
100 1.236 100 
Char/MC  1:4 20 1.080 34 
Char/MC  1:1 50 1.130 55 
Char/MC  4:1 80 1.186 79 
 
In conclusion, quantitative analyses of two sets of synthetic mixtures have 
demonstrated the promising possibility that Raman spectroscopy may be developed 
into a relatively rapid monitoring technique for the purpose of differentiation 
etween feed coke and carbons from the hotter lower regions of a blast furnace. 
oke bed, decreased gas permeability, declined 
rnace productivity and increased coke rate. Coke degradation, in terms of 
ed and tuyere raked coke samples taken from the 
b
Such knowledge will be useful in determining the extent to which injectant coal is 
effectively converted within the blast furnace. The potential for regular, i.e. daily or 
more frequently, monitoring of the carbon content of the top gas dust offers a 
significant improvement on the current, laborious point-counting method, which is 
seldom carried out. If developed successfully, it would assist blast furnace operators 
in optimizing furnace operation conditions, including pushing coal injection rates up 
to the possible maximum level. 
7.3. Raman spectroscopy of tuyere-level carbons 
Coal injection at high rates has been found to cause a number of operational 
problems, such as change in “raceway” structure, accumulation of unburned coke 
fines and injectant coal char in the c
fu
decreased coke reactivity and strength, is thought to be the main reason for the 
above operational issues observed at high injection rates. However, the effect of coal 
injection on the coke degradation and associated change in furnace structure remains 
unclear, though a number of studies involving characterization of the blast furnace 
samples have already been carried out.63,64,65 
 
Poultney and Bennington63 have studied the effects of changes in charged materials 
on furnace operation and changes in operating parameters on furnace structure. They 
did this by examining core drill
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tuyere region as well as samples taken from a quenched blast furnace. They found 
that improving feed coke size, stability and abrasion resistance could improve bosh 
coke properties and benefit furnace struc u  and permeability at tuyere level. Larger 
size coke charge, and lower tuyere velocity, produced a shorter “raceway” and 
“bird’s nest”. Coke degradation was greatest in the path of major gas flow through 
the furnace, particularly in the cohesive zone and “raceway”, due to thermo-
chemical and thermo-mechanical actions.  
 
Hilding et al.
t re
ength after reaction) coke in an 
xperimental blast furnace. The aim was to study the effect of alkalis, derived from 
n of physico-chemical properties of coke 
ne has higher CO2 
activity because of the catalytic effect of the increased alkali concentration in the 
 
tes has been investigated by Gudenau et al.65 Coal injection was found to be 
e operations. Other workers have studied injectant 
oal behaviour inside blast furnaces.2,3,49,206 However, the role of injectant coal in 
64 have tested a high CSR (coke str
e
coal mineral matter, on the modificatio
during its descent in the furnace as well as their association with coke strength and 
abrasion. As the coke passed through the thermal reserve zone to the cohesive zone 
of the furnace, its carbon structure became more ordered, and its alkali concentration 
increased. A linear correlation between the carbon crystallite size (Lc) and coke bed 
temperature was also observed. Coke in a high temperature zo
re
coke. Coke degradation, particularly coke strength and abrasion propensity, was 
related to the coke graphitisation, alkalization and reactivity: coke graphitization 
was shown to have a strong impact.  
 
Coke behaviour in the lower part of blast furnaces operating with high coal injection
ra
beneficial to coke strength, with coke strength increasing with the injectant coal char 
concentration. It was suggested this was because char has a higher reactivity and is 
thus preferentially consumed by CO2. The CO2 concentration around coke particles 
would be expected to drop as a result, so that CO2 attack on the surface of coke 
particles was reduced. Less intense lump coke fracturing was also found in zones 
with lowered CO2 concentrations, probably due to less intense CO2-gasification 
which tend to weaken the coke.  
 
It is noted that the above work focused on the change in coke bulk properties and the 
corresponding change in furnac
c
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changing coke properties, particularly the carbon structure, and the impact on 
furnace operation are not fully understood. The work introduced in this section aims 
to investigate changes in the carbon structure of tuyere-level carbons (coke and char) 
recovered from a “single tuyere” pilot plant and a commercial blast furnace 
opera g withtin  coal injection. The work has involved use of Raman spectroscopy, X-
R
 
7.3.1. mples an ir preparation 
Samples. Details a t ust samp aken from the “single tuyere” 
have been given in Section 5.2.1. Tabl s l  
char/coke comp n e d h in un  re a i c
technique. This set of dust sam les offers
in n k ck e n  i nd es
The sampling proc  an 
operating furnace at tu  been given in Sec .2.1. The 
operating conditions are shown in T the chemical anal
drilled -8. F gure 7 the temperatures experienced by the 
differe ir physic roperties. 
 
he blast furnace in question was operated at an injection rate lower than the 
recognized upper appeared to have 
been  a e nest” 
showed evidence of exposure to around 1800oC (see Figure 7-21). By contrast, the 
“bosh” e, th ead ” coke an e in the rear of “bird’s nest ed to 
have been exposed to lower temperatures of around 1500oC. The “bosh” coke 
temperature is normally expected to b her than that e “deadm coke in 
blast f s, at ower “bo oke temperature observed here suggests 
that there may have been moveme  material down the furnace after the 
termination of the hot air blast. 
 
The “deadman” coke and coke in the rear of “bird’s nest” were found to have much 
higher i (N  + ) concentr  than the othe ree coke s les (see 
Table 7-7). The “Raceway coke”, in particular, has nearly zero alkali concentration, 
ay Diffraction, and thermogravimetric analyses.  
 Sa d the
bout the se of d les t rig 
e 7-6 show  their chemical ana yses and 
ositio s det rmine  by t e “po t-co ting” flect nce m cros ope 
p  the special opportunity to look at coal 
jectio  into a hot co e sta  in th  abse ce of ron a  flux . 
 
ess of the suite of core-drilled coke samples taken from
yere level have also tion 5
able 7-7 and yses of the core-
 cokes in Tab e i -21 shows l 7
nt cokes (estimated by XRD at Corus UK Ltd.) and the al p
T
limit of about 200 kg/thm. The “raceway” coke 
exposed to ne rly 2000 C, while coke from the frono t of th  “bird’s 
cok e “d man d k co ” seem
e hig  of th an” 
urnace  so th the l sh” c
nt of
alkal a O2 K O2 ation r th amp
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because alkalis are completely vaporized at the high temperatures prevailing in this 
zone.153,228,229 
Table 7-6 The chemical properties and char/coke composition of “single tuyere” rig dusts 
 C (%db) H (%db) V.M. (%db) Ash (%db) Char (vol% mmf) Char (vol% mmf) 
T1 80.2 0.04 0.5 23.9 78.5 21.5 
T2 77.1 0.06 0.1 26.5 50.5 49.5 
CY 63.8 0.14 0.2 40.9 94.0 6.0 
 Fe2O3 SiO2 Al2O3 TiO2 CaO MgO Na2O K2O Mn3O4 P2O5 V2O5 SO3 BaO ZnO 
MP(oC) 1565 1710 2054 1800 2900 2830 1132 763 1785 562 670 17 1913 1975 
T1 10.42 55.5 29.42 1.75 1.94 0.79 0.57 1.17 0.18 0.85 0.10 0.08 0.19 0.18 
T2 21.39 50.39 28.37 1.29 1.69 0.75 0.37 0.89 0.23 0.64 0.09 0.11 0.14 0.20 
CY 7.78 54.84 28.80 0.98 1.94 0.97 0.72 1.79 0.13 0.83 0.06 0.05 0.14 0.45 
 
Table 7-7 The blast furnace operating conditions 
Operating Conditions Value 
Blast temperature              (°C) 1,112 
Blast Volume               (Nm /h) 145,720 
Blast Pressure              (bar) 1.85 
Flame Temperature             (°C) 2,117 
Coal Injection Rate             (Kg/ton of hot metal) 157 
Oxygen Enrichment             (%) 6.4 
Permeability Resistance Coefficient 4.26 
3
 
Table 7-8 Chemical properties of core-drilled cokes 
Sample Bosh Raceway Front of bird’s nest Rear of bird’s nest Deadman 
Ultimate elemental analyses (wt %, dry basis) 
C 76.3 77.5 85.4 79.2 79.0 
H * <0.1 <0.1 <0.1 <0.10 <0.1 
N 0.7 0.5 0.4 0.6 0.7 
O** 5.6 <0.1 <0.1 7.1 5.7 
Ash constituent analysis (wt %, as analysed) 
SiO2 33.5 19.4 27.9 34.8 35.6 
Al2O3 25.0 14.0 18.8 23.5 22.0 
Fe2O3 20.5 47.1 23.5 14.0 12.2 
TiO2 1.3 0.8 1.2 1.3 1.2 
CaO 10.6 13.5 14.9 3.8 3.0 
MgO 1.1 0.7 3.8 1.7 1.2 
Na2O 0.8 <0.1 1.4 3.7 4.1 
K2O 1.7 <0.1 3.4 9.0 11.8 
Mn3O4 0.2 0.2 0.9 1.2 0.9 
P2O5 0.3 0.2 0.3 0.4 0.4 
SO3 1.4 1.6 2.9 3.4 4.7 
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Figure 7-21 Prope core-drilled cokes (provided by Corus UK Ltd) 
 
hile, the “deadman” coke and coke in the rear of the “bird’s nest” showed 
higher abrasion resista an the three cokes (as indicated by lower Micum 
slope). Lower abrasion resistance has been found for the raceway coke and the coke 
in the front 
rties of 
Meanw
nce th  other 
of “bird’s nest” (as indicated by higher Micum slope). Alkali attack has 
ften been found to cause a reduction in coke size226 and catalyze the solution loss 
227
tained higher 
roportions of extracts. The equivalent sequence for the set of “single tuyere” rig 
dusts was T1 < T2 < CY. Again, coke in locations closer to the “raceway” region 
(T1) contained less content of extractable materials than the other two dusts. 
o
(CO2 gasification of carbon) reaction of coke , and to reduce coke strength. 
However, with very low alkalis contents, the lower abrasion resistances of the latter 
two cokes appear due to factors other than alkalis. 
 
Extraction of Samples. The detailed extraction procedure by NMP has been 
described in Section 5.2.2 in Chapter 5. The extractable yields are shown in Table 5-
3. The purpose of extracting the samples by NMP was to eliminate the effect of 
extractable disordered carbonaceous materials. The sequence of extract yields, 
expressed as the percentage of extracts of the total carbon content for core-drilled 
samples was: “raceway” < rear of “bird’s nest” < “deadman” < front of “bird’s nest” 
< “bosh”. It is noted that coke in locations closer to the injectant coal combustion 
zone (“raceway”), i.e. the bosh and the front of the “bird’s nest”, con
p
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Demineralization of core-drilled samples. It can be noted from Table 7-7 that the 
core-drilled coke samples contain a significant amount of iron and other minerals. 
Minerals, silica in particular, are known to distort the XRD patterns of coke samples, 
thus the NMP-extracted coke samples were demineralized prior to XRD analyses. 
Demineralization procedures has been introduced in Section 4.7. The final ash 
contents of all the samples were less than 2.5% by weight, low enough to record 
acceptable XRD patterns. 
 
7.3.2. FT-Raman spectroscopy of “single tuyere” rig dust samples 
The normalized FT-Raman spectra of the three NMP extracted “single tuyere” rig 
dust samples are shown in Figure 7-22. T2 dust is found to be the most ordered 
because it has the highest intensity ratio of D to G band,  highest intensity 
ratio of 2D to G band, , and lowest intensity ratio of valley to G band, 
ered sample among the three samples, as 
plied by its lowest values and highest value. T1 dust 
is found to be less ordered than T2, but more ordered than CY dust according to its 
spectrum.
 
The difference in the degree of ordering between these three dusts seems to be 
associated with their different char/coke compositions. The “point counting” 
reflectance microscope technique has shown that CY dust contains the highest 
proportion of injectant coal char (94% mmf, by volume), compared to T1 (78.5%) 
and T2 (50.5%), respectively. The pilot plant was batch operated, with the coke 
being loaded into the rig prior to the test, with no further loading during the test. 
However, coal was continuously injected into the rig. Therefore, coke had a long 
exposure to high temperature, whereas much of the injectant coal char would spend 
just a few seconds in the rig before being carried out by the offtake gas. As a result, 
coke became more ordered that the injectant char. In addition, the catalytic effect of 
iron on graphitization of carbon might also have played an important role because 
T2 had 21% iron in its ash, twice the level in T1 and triple that in CY. 
 
GD II / ,
VI /
GD II /2
 In contrast, CY is the most disord
GI/  and 
GV II / .
im  DI GD II /2  GI  
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The relative reactivities of the three dusts have been compared by their non-
isothermal weight loss profiles in the TGA as shown in Figure 7-23. The reactivity 
sequence is CY > T1 > T2, which is consistent with their degree of ordering. 
2600 2400 2200 2000 1800 1600 1400 1200 1000 800
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6 D
G
2D
 
 
N
or
m
al
iz
ed
 In
te
ns
ity
Raman shift (cm-1)
 T1
 T2
 CY
 
Figure 7-22 Normalized FT-Raman spectra of “single tuyere” rig dusts 
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Figure 7-23 The non-isothermal weight loss profiles of the “single tuyere” rig dusts 
(isothermal temperature 500oC, in air) 
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7.3.3. FT-Raman spectroscopy of core-drilled coke samples 
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Figure 7-24 Normalized FT-Raman spectra of core-drilled coke samples 
 
Figure 7-24 shows the normalized FT-Raman spectra of core-drilled coke samples. 
The sequence of degree of ordering of the carbon structure, according to their 
coke > coke in the rear of “bird’s nest” > “
Raman spectra, was “raceway” coke > coke in the front of “bird’s nest” > “bosh” 
deadman” coke. The first two samples 
ave much higher  and ratios than the other three samples, implying 
a dramatic increase in their degrees of ordering. This sequence accords very well 
with the temperatures experienced by the five different samples shown in Figure 7-
21. Coke in the “racew p oC,  more 
ordere  ne here the temp  w round 
1800 o an er t oke le t have 
xperi nly about 1500o ddit  the  
ve contributed to th
e front of “bird’s n
h GD GD2II / II /  
ay”, where the tem erature was nearly 2000  is
d than the coke in the front of “bird’s st” w erature as a
C. Both samples are more ordered th the oth hree c  samp s tha
e enced temperatures of o C. In a ion to  temperature effect,
the iron catalytic graphitization might also ha e higher degrees of 
ordering of “raceway” coke and coke in th est”, because the 
“raceway” coke and coke in the front of “bird’s nest” have higher contents of iron 
than the other three cokes, particularly the “raceway” coke (47.1% Fe2O3 in ash). 
Wang et al.214 have found that coke in the vicinity of iron possessed a much more 
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ordered graphitic structure than coke far away from iron, and thus the intensity ratio 
(D to G band) increased for cokes closer to iron. 
 
XRD analyses have been carried out to derive structural parameters 002d  (the 
average graphitic lattice plane distance), aL  (the lateral size of the crystallite), cL  
(the stacking height of the lattice p anes) and cN  (the average number of graphitic 
planes in the stacking crystallite) for the five core-drilled coke samples to further 
understand the development of carbon structure of the cokes across the cross section 
of the blast furnace at tuyere level. 
 
The XRD analysis results, shown in Table 7-9
l
, are broadly in line with the FT-
aman spectroscopic results. The “raceway” coke (Core-2) is found to have the 
Table 7-9 Structural parameters of core-drilled cokes calculated from XRD patterns 
R
largest crystallite sizes with a very large lateral dimension aL . The coke taken in the 
front of the “bird’s nest” (Core-3) has the second largest crystallite size, but the 
smallest average graphitic lattice plane distance ( 002d ). The crystallite size of the 
“bosh” coke (Core-1) and coke in the rear of the “bird’s nest” (Core-4) are very 
similar, but the “bosh” coke is found to have slightly larger crystallite sizes and a 
larger d . The “deadman” coke (Core-5) is the most disordered of the five cokes, 
showing the smallest crystallite dimensions. 
 
002
Sample 
002  (d
οΑ ) a
ο
) c
ο
 cN  L (Α L (Α )
“Bosh” coke (Core-1) 3.503 96.69 61.88 17.7 
“Raceway” coke (Core-2) 3.463 132.56 92.74 26.8 
Coke in t e front of “bird’s nest” (Core-3) 3.440 99.86 73.17 21.3 
Coke in the rear of “bird’ nest”  (Core-4) 3.461 96.05 57.36 16.6 
“Deadman” coke (Core- 3.465 90.90 .59 13.4 
h
s 
5) 46
 
The observation that Core3 has a smaller 002d compared to Core-2 is not expected, 
because the “raceway” temperature is higher than that in the front of the “bird’s 
nest”. Furthermore the Core-1 sample has a larger 002d  compared to Core-4 and 
Core-5, but a greater crystallite size, although temperatures in these regions were 
similar. The presence of some unburned injectant coal char in the core-drilled coke 
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sam
ectant coal was heated very rapidly to temperatures around 2000oC in 
the “raceway”.  Some of the residual chars might not have been carried out of the 
“raceway” by the gas, and thus became embedded in the relatively compact “bird’s 
nest” or even in the “deadman”. Here, they would continue developing their carbon 
structure at temperatures from 1500oC to 1800oC. In contrast, the metallurgical coke, 
possessing a relatively rigid structure after many hours of heat-treatment in the coke 
oven, was heated up much more slowly, during its downward movement in the 
furnace. This slow heat-up did not favor the development of coke carbon structure, 
as discussed in Section 7.1.3. These differences between the time-temperature 
histories of the char and the coke are likely to lead to the observed differences in 
crystallite size within the core-drilled samples.  
 
It is also noted that the stacking height of the lattice planes, Lc, increases in a more 
pronounced way than the lateral size of the crystallite La. La is observed to increase 
rapidly only for coke that has been exposed to very high temperatures in the 
“raceway”. This finding is consistent with the conclusion of Feng et al.218 who 
summarised the kinetics of carbon graphitiz
de association of BSUs, i.e. expansion of graphitic layers (  increasing), may 
giv ilar intensity ode is regarded as the Raman 
attering from the inne itic pl  remarkably as 
ples (with the exception of the bosh coke), may go some way to explain this 
result. The inj
ation and pointed out that the side-to-
aLsi
need higher temperature treatment than that for top-to-top association of BSUs, i.e. 
alignment of graphitic layers ( cL  increasing). 
 
The direct-proportion relationship between GD II /  and the degree of ordering of 
carbon structures of the core cokes (see Figure 7-25) seems to contradict the widely-
reported, empirical, inverse relationship (i.e. TK equation) established by Tuinstra 
and Koening 138 This can be explained when the average number of graphitic layers 
in the stacking crystallite, cN , is taken into account. Since the aL  values of the five 
cokes are of the same magnitude, except for the “raceway” coke, the G-vibrational 
mode is expected to e sim
r graph
as this m
ane. However, the cL  increasessc
the degree of ordering increases, resulting in an increase in the average number of 
graphitic planes in the stacking crystallite, cN . The edge density is therefore 
expected to increase as well, giving a higher intensity of the D-band. As a result, the 
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GD II /  ratio increases with degree of ordering rather than decreasing, as reported in the 
literature138.  
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Figure 7-25  Variation of the GD II /  ratio with aL , cL  and cN  derived from XRD patterns 
 
This
mp
 previous study [Ref. 138] derived an empirical relationship from Raman 
t 
rd wi he rrent study where the 
les all have similar values, but different values, i.e. a different percentage 
between the 
spectral analyses of a few different types of carbons: a single crystal of graphite, a 
stress-annealed pyrolytic graphite, a commercial graphite, an activated char coal, 
plus some heat-treated carbon blacks measured by Arnold230. All the above samples 
had distinc graphitic microcrystallite sizes, both aL and cL . Furthermore, these 
authors also pointed out in the same paper that the linear relationship shows that the 
Raman intensity is proportional to the percentage of the “boundaries” in the sample. 
Therefore, their finding is actually in acco th t cu
aL cLsa
of the “boundaries”. 
 
In addition, in a theoretical understanding of the Raman spectra in disordered and 
amorphous carbon presented by Farrari and Roberston231, the complex relationship 
GD II /  ratio with has been discussed in great detail. Visible Raman data aL
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on disordered, amorphous, and diamond-like carbon were classified in a three-stage 
model: (1) graphite to nanocrystalline graphite, (2) nanocrystalline graphite to 
morphous carbon (a-C), and (3) a-C to tetrahedral amorphous carbons (ta-C). When a
the carbon structure evolved in the first stage, the TK equation138 holds, whereas the 
TK equation was no longer valid if the evolution of the carbon structure is in the 
latter two stages. Alternatively, the GD II /  ratio was found to directly proportional to 
the number of aromatic rings, or the re of . However, the variation of the  squa  aL GD II /  
ratio with the percentage of sp3 e carbon structure in the  structures in the whol
second stage became less steep than in the third stage. The authors concluded that 
starting from graphite, at a fixed excitation wavelength, GD II /  will increase with 
increasing disorder, as described by the TK equation. For more disordered carbon 
structure, clusters of six-fold rings decrease in number, and become smaller and 
more distorted, until they open up. As the G peak is just related to the rel  
otion of carbon sp2 atoms, the t to 
 D peak indicates ordering, exactly site
a
 during carbonization up to 3000oC: 
tu er
ative
, the 
ent of the 
on
DI
 oppo
will now decrease with respec
 from the case of very ordered carbons. 
GI
u
m
opposite trend to the TK equation. For small aL , the D-vibrational mode strength is 
proportional to the probability of finding a six-fold ring in the cluster, which is 
proportional to the cluster area. Thus, in amorphous carbons the developm
a
 
The variation in the Ram n spectra of char and coke thus depends on the 
development of their carbon structure during pyrolysis/gasification in the blast 
furnace, where the temperature appears to be the dominant factor. Oberlin and 
coworkers115, 232 , 233  have done comprehensive studies of the carbon str cture 
development, using heat-treatment by high resolution transmission electr  
microscopy (HRTEM), and demonstrated four stages for the change of carbon 
structure
 
Stage 1 (< 700oC): This corresponds to the release of aromatic CH groups. Each 
fragment obtained by grinding is a lamella where the aromatic layers are 
approximately parallel to the lamella plane. The individual scattering domains (i.e. 
basic struc ral unit (BSU)) are less than 1 nm in diamet  and are isometric. Their 
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thickness is also about 1nm; the number of layers, cN , varies from 1 to 3. The BSUs 
are distributed at random in the fragments. 
 
Stage 2 (700-1500oC): This corresponds to the association of BSUs top to top, i.e. to 
the release of interlayer defects between two superimposed BSUs. The lamella shape 
is more pronounced and the lamella are thin and flexible enough to be folded. cN  
increases rapidly to reach 8-10. 
 
Stage 3 (1500-2000oC): This corresponds to the release of in-plane defects. The 
disappearance of the mis-oriented single BSU permits first a considerable increase 
in thickness ( cL ), and then the coalescence of adjacent columns ( aL ). The 
distortions of the layers progressively reduce by annealing. During this stage, the 
layers inside the columns associate edge to edge (i.e. side to side). 
 
Stage 4 (> 2000oC): All distortions are annealed during this stage. The layers 
become stiff and perfect. The heteroatoms and both the interlayer and in-plane 
defects have successively disappeared. Crystal growth may thus begin. 
 
Emmerich 234 also found in his study on graphitizable and non-graphitizable carbons 
that the increase in and of graphite-like crystallites with heat-treatment could 
be attributed to one or m re of three processes, in-plane crystallite growth, 
coalescence of crystallites along the c-axis and coalescence of crystallites along the 
a-axis, depending on the tem erature range and carbon used. Grumer et al.235 also 
found, using Ram pectroscopy, that above a certain temperature  and 
increase sharply with increasing heat-treatment temperature, consistent with XRD 
values. 
 
Blast furnaces generally operate in the temperature range of stage 2 and 3, although 
the gas temperature in the “raceway” can go up to 2200oC. The carbon structures of
s initially, followed by increasing at highest temperatures. 
Accordingly  the intensity ratio of D to G band, es with the degree of 
aL
an s
cL  
o
p
aL cL  
 
injectant coal char or coke, therefore, are expected to develop in a manner such that 
ncreasing L  dominatec
,
aL  
 increasGD II / ,
i
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ordering of chars and cokes. The relationship between this two may possibly be 
different if the temperature goes be ond the range of normal BF operation. 
 
Another possible explanation for the proportional relationship between the 
y
GD II /  ratio 
with aL may be the dependence of the Raman spectrum on the excitation wavelength. 
A 514.5 nm laser line was used by Tuinstra and Koening138, while a 1064 nm 
excitation laser line has been used in the present work. Both Mennelia et al.143 and 
Wang et al.220 have found that a increase in the wavelength of the exc
no se 
the 
itation laser 
t only shifts the D band position to a smaller wavenumber, but also the increa
GD II /  ratio. thought to result from t e effect in d in 
Raman scattering man bands are actually an envelope of a 
distribution of vibrational modes across a scattering cross-section. The incident light 
of different wavelength would sample different portions of all the modes more 
intensely, t sonance effect. 
This was he resonanc volve
 from carbons. The Ra
hus leading to the re
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Figure 7-26 Normalized spectra of fresh feed coke, “race” coke, “deadman” coke and their 
demineralised products 
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Alkali attack on coke is of great concern because it is thought to be one of the main 
mechanisms for coke degradation.227,236 Potassium species can interact with coke by 
two distinct mechanisms, i.e. by diffusion/adsorption into the carbon micropores or 
by intercalating with carbon. However, the present study suggests that alkali 
intercalation is unlikely to happen to cokes at tuyere level. Even the “deadman” coke, 
which has a high concentration of both Na2O and K2O in its ash, still has a high 
value of cL . There is also a sizeable number (13.4) of graphitic planes in the stacking 
rystallite structures. 
re-drilled cokes and their demineralized products 
c
Table 7-10 Relative reactivities of co
Sample t1/2 (min) 
Core-1 49.5 
Core-2 49.9 
Core-3 47.5 
Core-4 47.8 
Core-5 47.5 
Core-1-demineralized 49.1 
Core-2-demineralized 49.8 
Core-3-demineralized 47.2 
Core-4-demineralized 47.3 
Core-5-demineralized 47.1 
 
Comparison of the reactivities of core-drilled cokes is of interest because coke 
reactivity influences the degradation behavior of coke. A comparison has been made 
here using their non-isothermal weight loss TGA profiles. The time taken for the 
coke sample to be reduced to 50% of its original mass, 2/1t , has been used as the 
appropriate measure for coke reactivity, for comparative purposes. The reactivities 
of core-drilled cokes and their demineralized products are listed in Table 7-10. 
 
The reactivities of the original core-drilled cokes and their demineralized products 
follow the same trend: the “bosh” coke and “raceway” coke are less reactive than the 
ther three cokes. Since demineralization effectively excludes the catalytic effect of o
alkali content on coke reactivity measurement227, the data suggest that it is the 
carbon structures that play a dominant role in determining coke reactivity at the 
tuyere level.  
 
The effect of minerals on the Raman spectra of cokes has also been investigated. 
The “raceway” coke with a high content of iron, the “deadman” coke with a high 
content of alkalis, and the fresh feed coke, as well as their demineralized products, 
 169
were chosen for FT-Raman spectroscopic analyses. Only a slight difference was 
observed between the raw sample and the demineralized sample, as shown in Figure 
7-26. Therefore, it can be concluded that the mineral matter has a negligible effect 
on the Raman spectra of these cokes. A possible explanation for this may be that 
Raman scattering originates from only a thin surface layer of a few tens of 
237
mineral matter excitation that would lead to Raman bands below 1500c
nanometers in depth . Therefore, the relative abundance of carbon may hinder 
m-1 238. 
cture development 
t tuyere level. This understanding should provide complementary information about 
onal 
t coal r cou
therefore, is shown to be the dominant factor affecting the degree of ordering of the 
esults from the study of core-drilled cokes from a working furnace have showed 
 
7.3.4. Summary and discussion 
Tuyere-level carbons, including a set of dust samples from the “single tuyere” rig 
and a suite of tuyere-level coke samples taken from a blast furnace, operating with 
coal injection, have been characterized using FT-Raman spectroscopy, XRD and 
TGA with the aim to gain a better understanding  the carbon stru
a
the correlation between changes in coke properties and blast furnace operati
performance. 
 
Investigation of the set of “single tuyere” rig dusts has revealed that a significant 
amount of injectan cha ld escape out of the “raceway” into the dust 
collection towers/cyclone, although some char becomes stuck in the coke stack 
opposite the tuyere, a region similar to the rear of the “bird’s nest” and “deadman” 
in an actual blast furnace. Due to the short exposure time to high temperature, the 
char component of the CY dust, was less ordered than the coke component which 
had a much longer exposure to high temperatures. Time-temperature history, 
carbon structure within chars and cokes. 
 
R
the same correlation between temperature history and degree of ordering as that for 
the set of “single tuyere” rig dusts. In addition, the XRD analyses have revealed the 
mechanism for carbon structure development of char and coke in blast furnaces. The 
carbon structure becomes more ordered with increasing temperature in the following 
manner: the graphite-like crystal layers, namely BSUs, start associating with each 
other through eliminating inter-layer defects and top-to-top coalescence of adjacent 
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layers, as the temperature increases. This resulted in an increase in cL  and cN . Only 
at very high temperature around or above 2000oC, would annealing of intra layers 
and side-to-side coalescence occur significantly, resulting in the increase of aL . This 
mechanism provides a sound explanation for the observed tendency that the Raman 
spectral ratio GD II / , increases with the degree of ordering of both chars and cokes 
over the representative temperature range in the blast furnace. 
 
The non-isothermal TGA tests of the two sets of samples have reflected the 
dominant role of carbon structure ordering in determining the reactivities of cokes 
and chars at tuyere level, although the considerable amount of alkali present also has 
catalytic effect on reactivity. XRD results has implied that alkali intercalation is 
unlikely to occur in the carbon structure of cokes at tuyere level. 
 
7.4. Differentiation between different types of carbons  
The present project was conceived with the aim of providing a novel means to 
differentiate between different types of carbons present in the blast furnace samples. 
In this section, an attempt has been made to differentiate between different types of 
carbon by mapping vs  see Figure 7-27. Carbons included in this map 
are the heat-treated m and BS2 chars (see preparation details in 
Section 7.1.1), the suite of core-drilled cokes, three soots derived respectively from 
etallurgical coke and its 
quadrant of the map, whereas less ordered carbons are in the bottom right quadrant 
GD II /
etallu
. GV II / ,
rgical cokes 
rape seed oil, heavy fuel oil and candle wax, the raw m
corresponding blast furnace catcher dust and slurry dust, and the carryover top dust 
taken from the blast furnace operating with BS2 coal injection. GD II / vs. GV II /  
mapping provides a useful means to classify different types of carbons in terms of 
the degree of ordering of their carbon structure. 
 
Considering Fig 7-27, the relatively more ordered carbons are found in the top left 
of the map. Furthermore, the heat-treated metallurgical cokes, the heat-treated BS2 
chars and the core-drilled cokes can each be regressed into a straight line, with a 
different slope in each case. The slope for BS2 chars is the steepest among the three 
set of samples, whilst the slope of the core-drilled cokes is steeper than that of the 
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heat-treated cokes. This is thought to reflect the dependence of carbon structure 
development with heat-treatment temperature on the nature of the raw material. 
Unfortunately, the metallurgical coke and the BS2 coal do not correspond to the feed 
coke and the injectant coal used in the blast furnace where the core-drilled cokes 
were taken. Nevertheless, comparison of the slopes of the regressed lines appears to 
imply that there was a significant amount of injectant coal char in the core-drilled 
cokes. 
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Figure 7-27 The DI vs. VI  mapping of various carbons: 1) Heat-treated metallurgical cokes; 
2) Heat treated BS2 chars; 3) Core-drilled cokes;4) Soots: rape seed oil (RSO) soot, heavy 
fuel oil (HFO) soot, and candle soot; 5) BF dusts: the carryover top dusts from a working BF 
dust with BS2 coal as the injectant coal, and the catcher dust and slurry dust from another 
BF with the metallurgical coke as the feed coke 
 
The GD II / vs. GV II /  mapping also shows that the BF dusts scatter within a compact 
region between fresh-feed-coke/soots and chars/cokes heat-treated at relatively 
modest temperatures. This also reflects the fact that the BF dusts are mixtures of 
broken feed coke fines, heat-treated cokes and chars from lower parts of the blast 
furnace, plus soot. It should be noted that the dusts, feed coke, soot and heat-treated 
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chars and cokes are not associated with a single blast furnace in the current study, 
due to the difficulties faced by the project partners in extracting samples from a 
specified single operating blast furnace. However, these different types of carbons 
can still be differentiated from each other. It is believed, therefore, 
that GD II / vs. I GV I/
orma
lish
last furn
betw
g of ho
heir Ra
rs other
pressure, on carbon structure developm
 mapping has the potential to be applied to monitoring blast 
r f nce. In order to achieve this aim, the feed coke and the injectant 
 an analytical technique based on Raman spectroscopy for 
ace operation on a regular, i.e. daily, basis. 
 furnaces. This study h lis  
w the variation in carbon structure of chars and cokes is 
man spectra. Based on this understand
 than peak temperature, i.e. heating rates, resid nce tim
ent of char
econd, the viability of using Raman spectroscopy to estimate the composition of 
nthetic mixtures of various carbons has been tested. Two sets of synthetic 
ixtures, i.e. feed coke plus “raceway” coke and feed coke plus 1500oC BS2 char, 
fu nace per
nitoring 
feren t
derstandi
lected in
ating fac
coal, to be used for a specified blast furnace operation, would need to be heat-treated 
according to a systematic set of time-temperature experiments to produce a set of 
reference carbons. The BF dusts, collected under different operation conditions, 
could then be collated against these reference carbons in the GD II / vs. GV II /  
mapping. This collation would give the threshold for the variation of BF dusts in the 
GD II / vs. GV II /  mapping. Moreover, the approximate compositions of the dusts 
can be estimated by the approach described in Section 7.2.  Thus it is potentially 
possible to estab
mo
dif
n
f
e
b
e 
n
 t
to
7.5. Conclusions  
The effort to develop Raman spectroscopy into a rapid technique that is able to 
tia een different types of carbons has been introduced in this chapter. 
This development comprised four parts of studies as follows. 
 
First, an injectant coal (BS2 coal), and a metallurgical coke (MC) have been used to 
produce heat-treated samples at temperatures relevant to those chars and cokes 
would experience in commercial blast as estab
ing, the effect of heat-
e
s and cokes has been investigated. 
hed an
e and 
u
re
tr
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have been used in this test. These mixtures can be considered representative since 
the carbons in the blast furnace top dusts can be roughly classified into feed coke 
fines and carbons from lower parts of the blast furnace. Results have showed that 
compositions estimated by Raman spectroscopy are quite close to the actual 
mperature history is the dominant factor in determining the development 
f carbon structure. The XRD analyses of the core-drilled cokes, have validated the 
ped to aid blast furnace operator in the control 
coal injection. 
 
compositions. 
 
The third part of the study has been an investigation of the carbon structure 
development of tuyere-level carbons (mixtures of coke, chars and soots) in a 
working blast furnace and a “single tuyere” rig; the carbon structure being strongly 
linked to the reactivity and strength of the tuyere-level sample. It has been found 
that time-te
o
FT-Raman spectroscopy results, and have also explained the direct proportionality 
observed between intensity ratio of D to G band and the dimensions of BSUs in the 
chars and cokes. 
 
Finally, an attempt has been made to collate the Raman spectral features of various 
carbons on a normalized basis, by GD II / vs. GV II /  mapping. This mapping is able to 
differentiate between carbons taken from various sources. Therefore, 
GD II / vs. GV II /  mapping, together with the approach described in the second part 
of this study, provides a promising means of differentiating between at least feed 
coke and carbons from the lower parts of a working blast furnace, which are present 
in the carryover dust. A rapid and reliable monitoring technique based on Raman 
spectroscopy can potentially be develo
of furnace operation with 
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Chapter 8. Conclusions & Recommendations
for Future Work 
There are two major objectives in this thesis project: 1) to obtain a better 
understanding of the fate of injectant co
 
al in the blast furnace from the perspective 
f characterization of BF samples, Pilot-scale “single tuyere” rig samples and other 
 Chapter 5, a three-step approach with the aid of SEC has been introduced to 
.1 Conclusions 
o
relevant lab-prepared samples; 2) to investigate the viability of Raman spectroscopy 
as a potential rapid technique for differentiating between samples taken from 
different temperature regions in the blast furnace, so as to monitor the blast furnace 
operation. 
 
In
obtain a better picture of the fate of injectant coal in the blast furnace. Furthermore, 
the origin of the “soot-like” material of the largest apparent molecular mass has been 
investigated using a number of advanced analytical techniques. This part of work is 
given in Chapter 6. Chapter 7 described our effort to understand the fundamental 
Raman spectral behavior of metallurgical cokes and coal chars under various 
conditions, with the aim of : i) investigating the viability of using Raman 
spectroscopy to estimate the composition of mixtures of various carbons; ii) using 
Raman spectroscopy to study the carbon microstructure of BF tuyere-level cokes 
and the “single tuyere” rig dusts; and, iii) finally attempting to collate the Raman 
spectral features of various carbons on a normalized basis. The main conclusions of 
the thesis are summarized as follows. 
8
Fate of injectant coal inside the blast furnace 
(1) The time-temperature history is the key factor that influences the NMP-
extractability of coal chars and the SEC chromatographic profiles of their NMP-
extracts. A short exposure time (within 2 s) to high temperatures, even up to 
2000oC (in the WMR) in the present work, is believed to limit complete 
pyrolysis of injectant coal in the “raceway”, because the resultant char has been 
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found to contain NMP-extractable materials as indicated by SEC. In contrast, a 
mildly pyrolyzed coal char (at 700oC for 30 s with a heating rate 1000 K/s) did 
not give an SEC-detectable amount of NMP extract. Similarly, fresh 
metallurgical coke has not been found to contain detectable amounts of NMP-
extract, due to its prior long-term (many hours) heat-treatment in the coke oven 
at temperatures around 900-1100oC. 
 
(2) In addition to the pyrolysis study, combustion experiments in the WMR showed 
that the extent of combustion of the prolyzed char, under conditions 
representative of those inside the BF tuyere and “raceway”, were rather small 
(i.e. < 5%, daf) due to the very short exposure time and deficient oxygen 
concentration. 
 
(3) High-intensity peaks have been found in the SEC chromatograms of three BF 
top gas dusts. Considering the length of time necessary for char to reach the 
furnace top, as well as unextractability of feed coke in NMP, it is likely that 
these extracts derive from tars evolved from the injectant coal. The difference in 
the SEC chromatographic pattern between the WMR “primary” tars and top dust 
extracts suggests that tars released from coal particles would encounter change 
in its molecular conformation in the furance. The core-drilled samples recovered 
from an operating furnace at the tuyere level, have also been found to contain 
NMP extractable materials, particularly, “soot-like” material of very high 
rtunity to study coal 
for T1 and T2 NMP-extracts support the argument that the time-temperature 
history of the coal particles/volatiles inside the blast furnace is of paramount 
importance for the formation of soot-like materials from the injectant coal tars. 
apparent molecular mass. The observation of the “soot-like” material in high 
temperature zones of the furnace (e.g. 1500oC in the “bosh” and “deadman”) 
suggests that these species are chemically stable. 
 
(4) The pilot-scale “single tuyere” rig provided the oppo
injection in the coke plus coal only scenario (i.e. in the absence of iron and flux). 
Incomplete pyrolysis of injectant coal has once again been observed as the 
cyclone dust (CY), consisting mainly of char rather than coke fines, contained 
“soot-like” materials. The difference in the chromatographic patterns observed 
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(5) Taken together, the above observations provide insight into the likely fate of 
injectant coal inside the blast furnace. Coal particles are injected into the 
blowpipe (where the temperature of the hot blast is about 1000oC) immediately 
upstream of the tuyere, giving rise to the virtually instantaneous release of a 
plume of volatiles constrained within the blowpipe. This particle-laden plume 
then accelerates through the tuyere into the furnace, reaching velocities perhaps 
that serve to break up most of the tars. 
half that of the local velocity of sound. Meanwhile, particles on the periphery of 
the plume pyrolyse and combust first. Volatiles released by these particles are 
more likely to consume the oxygen in the blast air preferentially, thereby 
depriving particles within the plume of the oxygen necessary for significant 
combustion. The oxygen concentration drops to zero close to the tuyere nose. 
Surviving coal char particles cross the raceway in less than 20-25 ms. They may 
be recycled within the raceway, become embedded within the adjacent coke 
mass, or pass towards the upper regions of the furnace where the temperature 
drops progressively. Due to the short times involved, the particles passing into 
and out of the raceways may still be able to release some volatiles. The nearly 
oxygen-free but fuel-rich atmosphere of the coke stack represents an ideal soot-
forming environment for tar components. Re-polymerisation and de-
hydrogenation reactions would be expected to take place, leading to the 
formation of very high molecular mass materials, alongside cracking reactions 
 
(6) The soot-like materials may be regarded as a marker to provide clues about how 
the injectant coal is consumed inside the furnace. This may be very useful in 
diagnosis of mal-operation of the blast furnace operating with coal injection. 
 
Formation mechanism of the “soot-like” material 
(1) The apparent molecular mass distribution (SEC) study indicates that cracking of 
tars is accompanied by increase in the “soot-like” materials of very large 
molecular mass. This indicates that the secondary reactions of coal tars are 
closely associated with the formation of “soot-like” materials. 
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(2) UV-fluorescence results (for the low mass range of the NMP-extracts) indicate 
conversion in air or oxygen-enriched air. Furthermore, a more soot-prone 
en recovered 
using an ultra-filtration (UF) cell with a filtration membrane of nominal 100, 
of UV-fluorescence and FT-IR spectroscopy plus TEM, a 
relatively complete picture of the structural change over the whole molecular 
so account for the formation of “soot-like” materials. 
 
that the primary tars are thermally altered to become more aromatic during coal 
environment tends to favor an increase in aromaticity of the secondary tar 
products. 
 
(3) Since UV-fluorescence is not able to provide information on the high molecular 
mass range of the NMP extracts of samples studied, FT-IR spectroscopy plus 
TEM have been used. The high molecular mass fractions have be
000 u cut-off. The UF > 100,000 u fractions correspond to materials eluting 
from 11 to 16 min on the Mixed-A SEC column, and a trace amount of retained 
materials. FT-IR spectroscopy has revealed that dehydrogenation of the high 
molecular mass fractions occurs more significantly when the coal has been 
gasified in a more soot-prone environment. In parallel, the molecular structure 
also becomes more aromatic. Independently, TEM results are consistent with the 
likely tendency that molecular structures become more ordered when coal is 
gasified in a more soot-prone environment. Taken together, these observations 
give convincing indication that a more soot-prone environment favors the 
increase in aromaticity of tar-derived materials in the high molecular mass range. 
 
(4) Combining the results 
mass distribution range has been obtained. The formation mechanism of the 
“soot-like” material is suggested as follows. Tars evolved from the injectant coal, 
containing a broad range of PAHs, encounter secondary reactions such as 
dehydrogenation and reploymerization, which eventually lead to the formation 
of “soot-like” materials of very large apparent molecular mass. In addition, it is 
speculated that other formation pathways (not considered in the current study), 
e.g. the attachment of gas-phase species (mainly acetylene) to the surface of soot 
nuclei particles, may al
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Raman spectroscopy of BF samples 
(1) Two Raman spectral parameters, i.e. intensity ratio of D to G band ( GD II / ) and 
that of the valley between D and G bands to G band ( GV II / ) have been found to 
be suitable to address the change in carbon structure of chars and cokes over the 
temperature range relevant to BF operation. A decrease in 
ogenis
GV II /
i
 suggests 
ng of the whole 
the 
elimination of amorphous carbon structure and hom
 that of injectant 
coal: the growth of BSUs in coke is limited to a slight extent only over the 
ing rate causes the sample to be heated more quickly 
during the temperature ramp-up, which does not favor the homogenization of the 
overall char structure. 
carbon structure. An increase in GD II /  indicates the growth of basic graphene 
structure units (BSUs) or microcrystallites within cokes and chars. 
 
(2) Heat-treatment temperature has been found to be the dominant factor in 
determining the degree of ordering of the carbon structure of chars and cokes: 
the higher the temperature, the more ordered the carbon structure. The 
development of the carbon structure of coke is different from
currently studied temperature range during further heat-treatment. This is due to 
the relatively rigid structure the metallurgical coke has formed in the coking 
process. Consequently, elimination of the remaining amorphous carbon 
structures and homogenizing of the whole structure are the major process 
occurring in cokes. In contrast, for the injectant coal the development of carbon 
structure involves both growth of BSUs and eliminating of the remaining 
amorphous structures. 
 
(3) A rapid heating rate results in larger BSUs, but a less uniform/homogeneous 
carbon structure. Higher heating rates enable the char particles to reach higher 
temperature more quickly, whilst the char structure remains flexible for further 
development. Higher temperature provides sufficient energy to eliminate inter-
BSU defects and promote the coalescence of adjacent BSUs, leading to growth. 
However, a rapid heat
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(4) Lower pressure favors the growth of BSUs since it reduces the resistance of tars 
release from the carbon skeleton, creating space for coalescence of adjacent 
BSUs. At higher pressure, in contrast, it becomes more difficult for tar to escape 
from the hot carbon skeleton, and hence intensive tar cracking tends to occur, 
resulting in secondary char deposition. This, together with the reduced porosity 
caused by increased pressure, leads to a less reactive char. 
 
(5) The initial stage of heat-treatment at high temperature determines the carbon 
irect and rect contribution to the Raman 
intensity of the functional groups formed during gasification. The  ratio 
 the less “selectiv pe e 
 
to which injectant coal is consumed within the blast 
structure development of both chars and cokes. Subsequent longer heat-
treatment does not appear to further develop the carbon structure significantly. 
This finding is important from the perspective of differentiating carbons from 
different locations in a blast furnace, because carbons from the high temperature 
regions, e.g. the “raceway”, will maintain their carbon structure when they are 
entrained by the gas to the upper cooler regions of the furnace. 
 
(6) Gasification has been found to increase the GD II / , in comparison to this ratio of 
the raw char, because of the d  indi
e” gasification process ap
GD II /
ars not to affect th
continues to increase marginally up to a high degree of conversion (e.g. 76% 
burnoff), then decreases somewhat thereafter. This behaviour reflects the 
competition between elimination of the amorphous structure and formation of 
new functional groups on the reactive sites. For metallurgical coke which has a 
relatively more rigid and ordered structure, attack by gasifying medium across 
the whole coke structure, including the ordered graphitic structure, appears to 
account for most of the gasification reactions, leading to decreased BSUs. 
The GD II /  ratio has been found to decrease with coke conversion as a net result. 
homogeneity of the overall coke structure significantly (hence the almost 
constant GV II /  ratio). 
(7) The possibility of using Raman spectroscopy to estimate the composition of BF 
top gas dusts has been demonstrated in the analyses of two sets of synthetic 
mixtures. Thus the extent 
Meanwhile,
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furnace can be determined through assessing the proportion of lower-region-
carbon in the top gas dust. The potential for regular, i.e. daily or better, 
monitoring of the carbon content of the top gas dust offers a significant 
improvement on the current, laborious point-counting methods, which is seldom 
carried out. If developed successfully, Raman spectroscopy can assist the blast 
furnace operator in pushing the injection rates up to the maximum possible level 
 
(8) Investi on of 
, is the dominant factor affecting the degree of ordering of the carbon 
structure of both coke and char. 
(9) 
above oC in 
crystallite, echanism provides a sound explanation 
for the observed tendency of the  ratio increasing with the degree of 
ordering of both chars and cokes, over the temperature range representative of 
that inside a blast furnace. 
and optimizing the BF operating conditions. 
gati a set of “single tuyere” rig dusts using Raman spectroscopy 
revealed what has already been implied by the SEC study: a significant amount 
of injectant coal char escapes out of the “raceway”; some char becomes stuck in 
the coke stack opposite to the tuyere, a region similar to the rear of “bird’s nest” 
and “deadman” in an actual blast furnace. Due to the short exposure time to high 
temperature, the char component is less ordered than the coke component which 
has had a much longer exposure to high temperatures. Time-temperature history, 
therefore
 
The Raman spectroscopic study of a set of core-drilled cokes from a working 
blast furnace has also shown the above relation between time-temperature 
history and degree of ordering of cokes. The additional XRD analyses have 
revealed the mechanism for carbon structure development of tuyere-level 
carbons: the graphitic crystal layers, namely BSUs, start associating with each 
other through eliminating inter-layer defects and top-to-top coalescence of 
adjacent layers, as temperature increases. This leads to an increase in the 
stacking height of the lattice planes, Lc, and the average number of graphitic 
planes in the stacking crystallite, cN . Only at the very highest temperature 
around and 2000 the “raceway”, will annealing of intra-layer defects 
and the resultant side-to-side coalescence occur, leading to an increase in the 
lateral size of the aL . This m
DI / GI
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(10) The non-isothermal TGA test has shown that the degree of ordering of the 
carbon structure is the major factor in determining the reactivities of both cokes 
nt coal or metallurgical coke) with different time-temperature histories, 
can be regressed into a straight line; different sets of samples have different 
ore-drilled cokes. 
Sim s dusts are scattering within a compact region between 
and chars at tuyere level, despite of the catalytic effect of the considerable 
amount of alkalis present. XRD results have implied that alkali intercalation 
does not occur in the carbon structure of cokes at tuyere level. 
 
(11) Various types of carbons can be differentiated, in terms of the degree of 
ordering of their carbon structure, from each other by mapping the 
GD II / vs. GV II /  ratios. The relatively more ordered carbons have been found in 
the top-left quadrant of the map, whereas the less ordered carbons, e.g. soots, are 
in the bottom-right quadrant. Samples, derived from the same raw carbon (e.g. 
the injecta
slopes. This difference in slope is thought to reflect the dependence of the carbon 
structure development with heat-treatment temperature on the nature of the raw 
carbon. 
 
(12) In the GD II / vs. GV II /  map, the slope for the core-drilled cokes has been found 
to be in between that for the heat-treated BS2 chars and that for the heat-treated 
metallurgical cokes. Unfortunately, the metallurgical coke and the BS2 coal 
were not the same coke and coal used in the BF from which the core-drilled 
cokes were taken. Nevertheless, comparison of the slopes appears to imply that 
there is a significant amount of injectant coal char in the c
ilarly, the BF top ga
fresh feed coke/soots and chars/cokes heat-treated at modest temperatures. This 
also reflects the fact that the BF top gas dusts are mixtures of broken feed coke 
fines, heat-treated coke/char fines from the lower regions of the furnace plus 
soot. The GD II /  vs. GV II /  mapping hence demonstrates its potential as a 
reliable method based on Raman spectroscopy to differentiate between various 
types of carbons. 
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8.2 Recommendations for future work 
(1) The approach used to investigate the formation mechanism of the “soot-like” 
material may find its use in characterization of other heavy fossil fuel derived 
materials, e.g. petroleum asphaltenes and the heavy fractions of coal tar pitch. 
The “soot-like” material appears to be of even heavier molecular mass than the 
above materials according to the SEC-derived apparent molecular mass 
distribution. Collating results reported in the present study with those gained on 
other heavy samples is very interesting, and may provide some in-sight into the 
molecular conformation of heavy fossil fuel fractions, which has been a main 
research focus of the Imperial College research group during the past several 
decades.  
 
(2) In the present study, only one low volatile (13.2%, db) bituminous coal, BS2, 
has been used to study the Raman spectral behavior of chars under various 
conditions, although a softer coal (Daw Mill coal) has been used to study the 
effect of heating rates on the Raman spectra (the spectra included in appendix 
III). This is because BS2 represents the typical blended coal used for injection in 
the blast furnace in the UK steel industry. However, from the perspective of 
fundamental academic research, coals of different ranks should be studied in 
future work to complete the understanding of the response of the Raman spectra 
of coal chars to different process conditions, i.e. temperature, heating rate, 
pressure, residence time at peak temperature, gasification, etc. 
 
(3) The BF top gas dusts, feed coke, soot, and the injectant coal used and analyzed 
in the current study are not associated with a single blast furnace, because of the 
difficulties faced by the EU projec partners in extracting samples from a 
specified operating blast furnaces. However, in order to truly develop Raman 
spectroscopy into an applicable monitoring technique for BF operation, the feed 
coke and the injectant coal, to be used for a specified blast furnace, need to be 
heat-treated to produce a set of reference carbons under a set of systematic 
conditions representative of the operation of the blast furnace in question. Top 
gas dust samples and the tuyere-level coke samples must be collected from the 
t 
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specified furnace for study f the reference carbons must 
then be collated with those antitative information would 
articular blast furnace can be realized. 
 
. The Raman spectra o
 of the BF samples. Qu
thus be gained from this collation. Consequently, a more detailed and explicit 
approach of applying Raman spectroscopy to monitor the operation of a 
p
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Appendix A Wire-mesh Training Data 
Wire-mesh training data (from 10th Feb 2005 to 22nd May 2005) 
In the present study, precision, i.e. reproducibility of a measurement, of the wire 
mesh reactor experiments has been achieved through intensive training at the 
beginning of the project (from 10th Feb 2005 to 22nd May 2005). The training is 
required for all the wire-mesh reactor operators. During the first session of the 
training, pyrolysis tests have been conducted using a Datong mixed coal to allow the 
operator to master the operation procedures and obtain a good reproducibility of 
results. The training then moved on to the laboratory standard coal, Linby, under a 
“standardized” conditions: heating rate 1000 K/s, peak temperature 700 oC, 
residence time at peak temperature 30 s, purge gas helium at atmospheric pressure. 
For these runs, less than 1% in total volatile yield and less than 2% in tar yield have 
been achieved. The training results have been compared with those obtained by 
previous operators. 
 
1． Sample: Datong blended coal (106-150μm); Ash content: 8.8% db 
Conditions: Purge gas: Helium; Heating rate: 1000 K/s; Peak temperature: 
700oC; Residence time at peak temperature: 30 s;  
 
Table A-1 Training data on Datong blended coal 
EXP 
Total Volatile 
(daf)% 
Average STDev Tar(daf)% Average STDev 
10020501 37.3     17.0     
14020501 35.7 36.5 1.13 17.6 17.3 0.445 
15020501 35.9 36.3 0.872 12.2 15.6 2.98 
17020501 36.6 36.4 0.727 24.2 17.7 4.93 
20020501 36.4 36.4 0.630 25.0 19.2 5.38 
21020501 37.0 36.5 0.618 23.6 19.9 5.14 
22020501 35.5 36.3 0.675 19.3 19.8 4.70 
24020501 37.1 36.4 0.680 20.4 19.9 4.36 
25020501 35.1 36.3 0.777 22.3 20.2 4.15 
27020501 36.2 36.3 0.733 17.1 19.9 4.03 
28020501 37.6 36.4 0.801 22.2 20.1 3.89 
28020502 42.2 36.9 1.84 21.8 20.2 3.74 
01030501 37.9 37.0 1.78 24.9 20.6 3.81 
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03030501 36.5 36.9 1.72 20.3 20.6 3.60 
06030501 37.3 36.9 1.66 16.3 20.3 3.70 
06030502 36.1 36.9 1.62 17.2 20.1 3.65 
07030501 37.1 36.9 1.57 20.9 20.1 3.54 
07030502 34.5 36.5 1.62 16.7 20.4 3.53 
09030501 35.7 36.7 1.60 20.3 20.0 3.43 
09030502 35.9 36.7 1.56 18.2 19.9 3.36 
11030501 38.2 * 36.7 1.56 19.5 * 19.9 3.36 
11030502 36.7 * 36.7 1.56 21.6 * 19.9 3.36 
13030501 36.1* 36.7 1.56 21.3 * 19.9 3.36 
13030502 37.8 36.7 1.54 18.7 19.8 3.29 
14030501 38.1 36.8 1.53 21.7 19.9 3.24 
15030501 37.6 * 36.8 1.54 22.1 * 19.8 3.23 
01040501 36.9 36.8 1.51 21.6 19.8 3.18 
01040502 36.7 36.8 1.48 19.9 19.8 3.11 
03040501 37.1 36.8 1.45 20.4 19.9 3.05 
03040502 37.3 36.8 1.42 20.8 19.9 3.00 
08040501 36.9 36.8 1.39 20.6 19.9 2.95 
08040502 37.7 36.9 1.38 19.8 19.9 2.89 
10040501 37.5 36.9 1.36 20.0 19.9 2.84 
10040502 36.8 36.9 1.34 20.7 19.9 2.80 
12040501 36.8 36.9 1.31 20.5 20.0 2.76 
13040501 36.8 36.9 1.29 19.9 20.0 2.71 
14040501 40.2 37.0 1.39 16.4 19.9 2.74 
14040502 38.2 37.1 1.39 20.3 19.9 2.70 
15040501 37.9 37.1 1.37 20.3 19.9 2.66 
15040502 36.2 37.1 1.36 20.7 19.9 2.63 
16040501 38.3 37.1 1.36 19.6 19.9 2.59 
17040501 38.3 37.1 1.35 19.5 19.9 2.56 
18040501 40.3 37.2 1.43 19.0 19.9 2.53 
19040501 38.1 37.2 1.42 19.6 19.9 2.50 
21040501 36.9 37.2 1.40 19.8 19.9 2.47 
21040502 36.2 37.2 1.39 20.0 19.9 2.44 
22040501 37.3 37.2 1.38 20.9 19.9 2.42 
24040501 36.4 37.2 1.37 20.8 19.9 2.39 
25040501 36.1 37.2 1.36 20.1 19.9 2.37 
27040501 37.1 37.1 1.34 20.3 19.9 2.34 
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2. Sample: Linby blended coal (106-150μm) 
Conditions: Purge gas: Helium; Heating rate: 1000 K/s; Peak temperature: 700oC; 
Residence time at peak temperature: 30 s; 
 
Table A-2  Training data on Linby blended coal 
 
EXP 
Total Volatile 
(db)% 
Average STDev Tar(db)% Average STDev 
02050501 42.7   26.7   
02050502 43.6 43.2 0.636 26.4 26.6 0.212 
03050501 44.0 43.4 0.666 27.1 26.7 0.351 
03050502 43.3 43.4 0.548 26.5 26.7 0.310 
15050501 44.1 43.5 0.568 26.6 26.7 0.270 
16050501 43.5 43.5 0.509 26.2 26.6 0.306 
18050501 43.2 43.5 0.481 25.9 26.5 0.380 
18050502 43.6 43.5 0.447 26.7 26.5 0.360 
21050501 42.8 43.4 0.479 26.4 26.5 0.339 
21050502 43.4 43.4 0.452 26.0 26.5 0.357 
22050501 43.9 43.5 0.452 26.9 26.5 0.365 
22050502 43.4 43.5 0.432 26.7 26.5 0.353 
3．Comparison of training results with previous operators. 
 
Table A-3  Training results of different operators 
Operator Total volatile yield (%db) Tar yield (%db) 
J. Gibbins (1988) 44.5 27.8 
A. Guell (1992) 45.1 27.9 
H. Cai (1994) 42.7 27.9 
S. Pipatmanomai (1998) 43.1 25.7 
K. Fukuda (1998) 43.6 26.2 
L. Wu (2003) 42.9 28.7 
S. Dong (2005) 43.5 26.5 
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Appendix B X-ray Diffraction Patterns 
of the Core-drilled Cokes  
The XRD patterns of the set of coke samples taken from an operating furnace, at 
tuyere level, using the core drilling technique (shown in Figure 5-2) are given in 
Figure B-1 and Figure B-2. 
 
Table B-1 Structural parameters of core-drilled cokes calculated from XRD patterns 
Sample 
002d  (
οΑ ) aL (
οΑ ) cL ( ) 
οΑ cN  
“Bosh” coke (Core-1) 3.503 96.69 61.88 17.7 
“Raceway” coke (Core-2) 3.463 132.56 92.74 26.8 
Coke in the front of “bird’s nest” (Core-3) 3.440 99.86 73.17 21.3 
Coke in the rear of “bird’s nest”  (Core-4) 3.461 96.05 57.36 16.6 
“Deadman” coke (Core-5) 3.465 90.90 46.59 13.4 
 
 
Figure B-1 The XRD patterns (Counts with respect to 2θ) of the core-drilled cokes samples 
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Figure B-2 The XRD patterns (Counts with respect to s) of the core-drilled cokes samples 
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Appendix C Raman Spectra of Chars 
Derived from a Daw Mill Coal at Different 
Heating Rates 
Daw Mill coal properties 
 
Table C-1  Chemical properties of the Daw Mill coal 
 Mositure (% as reveived) 
Ash 
(% as received) 
Volatile 
(% db) 
C 
(% db) 
H 
(% db) 
N 
(% db) 
S 
(% db) 
O 
(% db) 
Daw Mill  4.1 6.9 33.7 72.7 4.7 1.1 1.1 n/a 
 
 
Sample preparation conditions 
 
Table C-2 Heat-treatment conditions for the Daw Mill chars 
Effect of heating rate (Peak temperature 1500oC, 3 bara, 2s holding) 
DM-R-1 1K/s 
DM-R-2 1000K/s 
DM-R-3 6000K/s 
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Figure C-1 Height-normalized Raman spectra of Daw Mill chars prepared at different 
heating rates 
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